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Abstract 

As fossil fuel resources dwindle and new regulations for a cleaner and safer environment come 

on stream, there is growing interest in developing new sustainable feedstocks for future fuels, 

chemicals, polymers and fibres. Therefore materials research is ever more focused on the 

production of green or bio-based materials and their composites. Lignocellulosic biomass has 

become the feedstock of choice for these new materials as cellulose and lignin are the most 

abundant biopolymers on the planet. Lignin is a phenolic macromolecule, the principal 

biological source of aromatic structures, with a complex structure which varies depending on 

plant species and its isolation process. Despite its high carbon content and its potential as a raw 

material, lignin remains underutilised. Between 40 and 50 million tons of lignin are produced 

worldwide per year; while some is being used for low- and medium-value applications, most is 



currently treated as a non-commercialized by-product or as low value fuel to produce energy. 

However, with the emergence of biorefinery projects larger amounts of lignin with the potential 

for valorisation are being produced. Here, we summarise some of the latest developments in 

the field. 
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1. Introduction 

Lignin is a functional polymer with relatively low molecular weight, and it represents a valuable 

biobased source for wide ranging applications [1-4]. It is the second most abundant polymer on 

the planet, is environmentally friendly, biodegradable, exhibits antioxidant properties, and 

displays antimicrobial activity.  Interestingly, lignin is also being used as reinforcement for 

composite materials both in its natural fibre form and as a potential precursor for carbon fibre 

[5].  This review focuses on the valorisation of lignin in blends and its role as reinforcement in 

composites. 

Lignin has been subject of previous reviews focusing on improvments of in its 

processability and relationships between the lignin structure and applied catalytic processes for 

its sustainable conversion into valuable products for applications in areas such as 

bioengineering [6-8], while another review focuses on value added applications involving 

micro- and nanostructured lignin [9].  

However, this review is focused on the valorisation of lignin in advanced engineering 

materials. Section 1 briefly presents the main methods used for lignin separation from 

lignocellulosic resources. Section 2 describes the fractionation of lignin with its associated 

processing advantages. The third section summarises the most pertinent lignin blends with 

syntehic and biobased polymers. The fourth section is dedicated to the latest understanding of 

the role of lignin as a matrix, filler and reinforcement material in composites. Particular 

attention is paid to the promise of lignin as a precursor for carbon fibre and how its complex 

chemistry can be unravel unique biobased fibres.  The fifth section details the importance of 

lignin in the realisation of latest strategies for the application of biobased macromolecules. 

Finally, we provide our outlook for the role of lignin in a post fossil based bioeconomy. 

 

 



2. Lignin separation from lignocellulosic sources 

Lignin extraction is technically challenging. Lignin can be isolated from various 

lignocellulosic sources (wood – softwood and hardwood species; crop, fiber and seed fibers 

plants – sugarcane, flax, jute, hemp, cotton; grasses, agricultural residues – rice and wheat 

straws, corn stover) but this has proven to be challenging as it is naturally resistant to 

chemical and enzymatic degradation. Figure 1, summarises various industrial and lab-scale 

separation methods. Here we summarise important sources of technical lignins which are 

likely to produce engineered materials, for more in-depth analysis on this topic the reader is 

referred to recent reviews [6-8].  
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Figure 1. Schematic representation of the methods used for lignin separation from different 

lignocellulosic sources  

The pulp and paper industry represents the main source of commercial technical lignin, 

resulting from processes such as: 

- alkaline pulping: otherwise known as the Kraft process involves treatment of wood 

fibres in a 1 M NaOH and 0.25–0.70 M Na2S aqueous solution at 165-175°C. Depolymerisation 

proceeds through the cleavage of non-phenolic β–ethers and then through entrapment of 

quinone methide intermediates. The latter mechanism is an important improvement over the 

soda pulping process (NaOH only), which prevents additional condensation by formation of 

styryl ethers and diphenylmethane structures. However, sulphide introduces significant sulphur 

content into the Kraft lignin, and this impedes the subsequent valorisation of lignin. The Kraft 

process leads to replacement of C-O bonds of native lignins with C-C bonds inducing higher 

bond dissociation energies. Black liquor, contains highly complex and cross-linked lignin, is 

incinerated to recover Na2S and to produce steam for power generation.  

- organosolv processes: allows the relatively easy separation of high purity lignin at 

elevated temperatures using a mixture of an organic solvent (i.e., ethanol, methanol, acetone, 

cyclic ethers or organic acids such as acetic acid and formic acid, or combinations chosen based 

on their ability to dissolve lignin), and water, in the presence of acid as catalyst (added or formed 

in-situ from hemicellulose fraction); the most well known are: Organocell process, Alcell 

process, CIMV process, Chempolis process, and the AST process; 

Typical organosolv treatment involves pulping of wood chips (1 part solid for 4 to 10 parts 

liquid) at 180-195oC in a solvent/water solution at 35-70%wt/vol at with or without acidic 

catalyst. The lignin, recovered by precipition, has a high degree of purity: it is sulphur-free with 

low carbohydrates and ash content. Organosolv lignins are readily soluble in organic solvents 



however, this leads to lignin with a high level of α-O-4 and β-O-4 cleavages while the biphenyl 

5-5 content is increased, affecting the reactivities of the lignin. 

One of the best known organsolv lignins is Alcell lignin (from the ethanol based process) and 

it is expected that once these lignins are valorised to high end applications such as for example 

carbon fibres, the level of investment required for the implementation of the organosolv process 

at scale will be justified. 

- acidic pulping: consists of sulfite processing using excess aqueous (bi)sulfite together 

with either sodium-, magnesium-, calcium- or ammonium hydroxide; the lignin is dissolved in 

the pulping black liquor as lignosulfonate, which is seperated from the other types of technical 

lignins, through water solubility. 

 

- steam explosion process: involves pre-treatment of lignocellulosic sources with steam 

at about 200 °C or higher and high pressure for a short period of time followed by a rapid 

decompression; lignin is extracted from exploded fibrous material with either aqueous alkali or 

an organic solvent. 

The majority of these processes induce extensive degradation of the native lignin 

structure. The best-known isolated lignin at lab-scale is Klason lignin, which is obtained by 

treating wood with sulfuric acid, the lignin is recovered as an insoluble residue after hydrolysis 

of polysaccharides (cellulose and hemicelluloses) to water-solubel sugars. This method for 

lignin isolation is usually used as an analytical means of determining lignin content, but 

generates a highly condensed and altered lignin, which it is unsuitable for chemical 

characterization or further chemical investigation.  The most appropriate lignin for chemical 

and biological studies is considered to be milled wood lignin, which is most representative of 

lignin in the original lignocellulose source, namely protolignin.   



Some recent extraction methods involve the use of advanced solvents for selective 

dissolution of lignocelluloisc components; these include ionic liquids (IL’s) and deep eutectic 

solvents (DES) specifically for delignification and further valorization of isolated lignin.  

3. Lignin fractionation 

The variety of cross-linkages possible between the lignin chain units makes it highly 

heterogenous and has been found to be challenging for its valorization [6,10]. Fractionation is 

a physico-chemical modification technique, which enables the separation of high molecular 

weight lignin chains from lower molecular weight fractions in isolated technical lignin (see 

Figure 2). Fractions can be separated by partial suspension in organic solvents, enzymatic 

treatment [11,12], selective precipitation at reduced pH and membrane assisted ultrafiltration 

[13,14]. Both enzymatic and ultrafiltration methods control effectively molecular weight 

distribution of lignin, but the techniques are costly and difficult to upscale to an industrial level 

[15]. All types of technical lignins have been investigated for their fractionation; however, 

softwood Kraft lignin is the most commonly fractionationed lignin. Recent work from Dodd 

and Kadla has shown that two softwood kraft lignins of different origin (southern pine and 

Norwegian spruce) have major chemical and physical differences despite the same extraction 

technique [16].  However, characterization studies showed that fractions obtained from lignins 

of different origins follow similar trends with regards to their chemical and physical properties 

[17-19].   

The solvent fractionation technique was first reported in 1941 by Lovell and Hibbert 

[20].  Methods can use one or multiple organic solvents to separate the fractions with different 

molecular weight, thermal properties and chemical structures [21-23]. Using a sequential 

approach with solvents of different polarity enables to tune the properties of the fractions 

obtained, by either dissolution of the insoluble fractions in successive solvents, with increasing 

solubility parameters [24-26], as developed by Mörck for Kraft lignin  [17-19] or by 



precipitation of the soluble fraction by using solvents with decreasing solubility parameters [17-

19,23,27-32]. All studies show that the fractions have a lower polydispersity than the “as 

received lignin”. The molecular weight of the fraction modulates its thermal and structural 

properties: higher molecular weight fractions have a higher Tg and higher char yield, higher 

number of aliphatic OH and lower number of phenolic OH than the low molecular weight 

fractions which has lower thermal resistance [30,33]. 31P NMR studies showed that the alkyl 

ether linkages are replaced by C-C linkages in the low molecular weight fractions while the 

high molecular weight ones are enriched in β-O-4’ linkages [25,29]. The modulation of the 

number of phenolic OH by solvent fractionation was used for improving antioxidant properties 

for polyurethane production [30,33] and antimicrobial activities [34,35]. Chemical protection 

of the hydroxyl groups in phenolic enriched softwood Kraft lignin fractions enabled 

Argyropolous et al. [36] to synthesize lignin-poly(arylene ether sulfone) copolymers. In a 

similar approach, methylated lignin fractions blended with polyethylene showed improved melt 

spinning abilities of the softwood kraft lignin [37]. Gregorova and Sedlarik found that kraft 

lignin successively dissolved in dichloromethane and methanol has increased heavy metal 

scavenging activity [38]. A lignin-based concrete water reducer was developed based on 

sulfonated lignin fractionned with acetone [39]. Kraft lignin fractions have been investigated 

as carbon fiber precursors [10,40]. Fractionation has been used as a pretreatment to separate 

different molecular weight groups for lignin monomer production by catalytic depolymerisation 

using supercritical ethanol and ruthenium catalyst supported on activated carbon [41]. Perez 

used water and ethyl acetate to separate depolymerization products after supercritical water 

oxidation [42].  

  



 

Figure 2. Separation of lignin by sequential fractionation, reproduced with permission from 

[25] 

4. Lignin-polymer blends 

Lignin has been blended with a number of polymers in order to obtain materials for high added-

value applications. Efficient blending is often difficult to achieve considering the high 

complexity of the lignin structure and its reactivity. Lignin manifests thermoplastic behavior 

due to its network of strong intra- and inter-molecular hydrogen bonds [43, 44], but at high 

temperatures it acts as a thermoset material through occurrence of extensive cross-linking 

reactions [5,45].  In this context, it is of critical importance to thoroughly investigate lignin 

miscibility with other polymers, monitoring the evolution of phases as their compatbility or 



otherwise is of real importance in gaining an undertsanding of the structure property 

relationships of lignin based blends [46].   

Depending on the compatibility between lignin and different polymer matrices, the 

resulting blends can either form miscible blends or display a phase separation. Lignin, a 

relatively polar polymer due to its numerous structural OH groups, generally presents a high 

affinity toward polar polymer matrices. Miscible blends were observed in Kraft lignin with 

poly(ethylene oxide) (PEO) and poly(ethylene terephthalate) (PET) blends, while immiscible 

blends were found in Kraft lignin with poly(propylene) and poly(vinyl alcohol) (PVA) [47]. 

The compatibility in lignin blends can be evaluated by the blend morphology, investigated 

through visible microscopy and by assessment of lignin solubility, its concentration being 

determined by measuring UV absorbance of microtome section in homogeneous areas through 

UV microspectrophotometry methods  [48].  

The major drawbacks of lignin usage as an amorphous thermoplastic component in the 

formulation of various polymer materials is associated with its relatively high glass-transition 

temperature and, consequently, by its difficulty to process through thermal blending routes, 

when lignin undergoes self-condensation reactions through extensive cross-linking and strong 

intramolecular interactions under high temperature conditions, leading to inherent brittleness. 

Normally, these processing issues can be overcome through the blending of lignin with 

synthetic polymers (including co-polymerization approach) [1], biopolymers [2], through the 

utilization of plasticizers [3], or through chemical modification techniques [49,50].  

Lignin is effective as an antioxidant and for UV protection due to its radical scavenging ability. 

Therefore, it is often blended with polymers such as polyethylene, PE and polypropylene, PP) 

to improve their thermal oxidative resistance [51]. Lignin depolymerization, is often utilised to 

improve compatibility with the polymer matrix through decreasing its molecular weight, 

increasing phenolic content, and reducing aliphatic hydroxyl content [52, 53]. Lignin 



depolymerization with selective bond cleavage is also performed in order to minimize lignin 

condensation which can often limit the conversion of lignin into value‐added products [54-56].  

Table 1 provides examples of lignin blends with different synthetic polymer matrices, 

biopolymers and other polymer systems.  

Table 1. Blends of lignin with different polymer matrices 

Blend type Polymer 

matrix 

Example of blend Type of lignin Reference 

 

 

 

 

lignin- 

synthetic 

polymers  

blends 

 

 

 

 

thermoplastic 

polyolefins 

polyethylene PE industrial lignins (hardwood 

and softwood Kraft lignins, 

softwood organosolv lignin,  

wheat straw soda lignin,  

hydrolysis lignin from 

wheat)  

LignoBoost softwood Kraft 

lignin; hardwood Kraft 

lignin 

softwood Kraft lignin 

hardwood lignin from 

prehydrolysis of beech  

[57] 

 

 

 

 

 

[58,59] 

 

[60] 

[61] 

 polypropylene PP softwood Kraft lignin 

liquid wood (Arboform) –   

a mixture of lignin (30%), 

cellulose from hemp and 

flax (60%), natural additives 

Kraft lignin from sugarcane 

bagasse, hardwood Kraft 

lignin 

softwood lignosulfonates 

softwood kraft lignin 

industrial waste lignin from 

bagasse 

hardwood lignin from 

prehydrolysis of beech  

[62] 

[63] 

 

 

 

[64-66] 

 

 

[67] 

[68] 

[69] 

 

 [61] 

polyolefin 

elastomers 

maleic anhydride grafted 

copolymers of ethylene 

propylene rubber EPRs 

softwood lignosulfonate [70] 

 ethylene propylene diene 

monomer rubber EPDM 

pure and undegraded lignin 

from wheat straw (CIMV 

organosolv process) 

[71] 

synthetic 

rubber 

styrene-butadiene rubber hardwood soda lignin 

(sulfur free lignin) 

[72] 

acrylate 

monomers 

butylmethacrylate BMA biobutanol lignin from 

agricultural wastes (corn 

stalks and wheat straw) 

[73] 



 poly(vinylacetate) PVAc acetone-soluble lignin 

fraction of sugarcane 

bagasse (organosolv lignin)  

[74] 

 vinyl polymers 

 

 

poly(vinyl chloride) PVC softwood Kraft lignin; 

softwood lignosulfonate; 

hardwood lignosulfonate 

hardwood organosolv lignin 

[75] 

 

 

[76-78] 

  poly(vinyl alcohol) PVA hardwood Kraft lignin  

hardwood Kraft lignin 

[79] 

[80] 

  polyethylene terephthalate 

PET 

hardwood Kraft lignin [66] 

  polylactic acid PLA organosolv lignin from 

wheat straw 

softwood organosolv lignin 

softwood Kraft lignin; 

organosolv lignin from 

almond shells;  

softwood Kraft lignin 

[81] 

 

[82] 

[83-85] 

 polyesters polycaprolactone PCL soda lignin from wheat 

straw 

steam explosion lignin from 

wheat straw; softwood 

lignosulfonate  

softwood sodium 

lignosulfonate 

[86] 

 

[87,88] 

 

 

[89] 

  polyhydroxybutyrate PHB soda lignin from sugarcane 

bagasse 

softwood sodium 

lignosulfonate 

[90-92] 

 

[93] 

  polybutylene succinate softwood lignosulfonate  

softwood Kraft lignin 

[94] 

[95] 

 polyether polyethylene oxide PEO softwood Kraft lignin 

hardwood Alcell lignin  

[96] 

[97] 

  

thermoplastic 

elastomer 

 

polyurethane 

hardwood organosolv 

lignin; hardwood Kraft 

lignin 

eucalyptus wood 

Kraft  lignin,  softwood and 

hardwood Kraft lignins 

[98] 

 

 

[99] 

  poly(N-vinyl pyrrolidone) organosolv lignin from 

annual plants  

soda lignin from sugarcane 

bagasse 

[100] 

 

[101] 

  polyacrylonitrile  PAN soda lignin from wheat 

straw 

[102] 

 polyamides polyamide 6 (nylon 6) soda lignin from mixed 

wheat straw/Sarkanda grass 

[103] 

  polyamide 11 (PA11) soda lignin from annual 

plants (sisal and abaca), 

hardwood organosolv lignin 

[104] 



  polyaniline hardwood Kraft lignin [105] 

  polystyrene softwood lignosulfonate  

softwood Kraft lignin 

[106] 

[107] 

  poly (4-vinylpyridine) alkali lignin from bamboo [108] 

  poly(ester-amine) soda lignin from mixed 

wheat straw/Sarkanda grass  

[109] 

 co-monomers poly(butylene adipate-co -

terephthalate) PBAT 

soda lignin from mixed 

wheat straw/Sarkanda grass 

[110] 

  poly(hydroxybutyrate-co-

hydroxyvalerate) PHBV 

softwood Kraft lignin 

soda lignin from steam-

exploded sugarcane bagasse 

[111] 

[112] 

  

 

fish proteins softwood Kraft lignin [113] 

 proteins wheat gluten  softwood Kraft lignin [114] 

lignin-

biopolymer 

blends 

 soy protein Kraft lignin from bamboo [115] 

  

 

 

 

polysaccharides 

starch softwood Kraft lignin  

hardwood Klason lignin 

(acid insoluble lignin) 

LignoBoost softwood Kraft 

lignin 

soda lignin from wheat 

straw and bagasse; 

lignosulfonates from mixed 

hardwoods 

[116] 

[117] 

[118] 

[119] 

 

[120] 

  cellulose softwood Kraft lignin 

ionosolv lignin from willow 

crop 

organosolv/Kraft lignin 

from eucalyptus wood 

[121] 

[122] 

 

[123] 

  chitosan softwood Kraft lignin  

soda lignin from wheat 

straw ( sulphur-free anionic 

sodium carbonate lignin) 

[124] 

[125] 

  gelatin soda lignin from annual 

plants 

lignosulfonate from 

eucalyptus wood 

[126,127] 

 

[128] 

  poly(butylene-adipate-co-

terephtalate)–polylactide–

lignin (PBAT–PLA–Lig) 

softwood Kraft lignin  [129] 

other 

polymer 

systems 

 poly(ethylene-co-vinyl 

alcohol) 

softwood lignosulfonate [130] 



  glycol modified 

poly(ethylene 

terephthalate) PETG 

softwood lignosulfonate [131] 

 

  polycarbonate softwood lignosulfonate [131] 

 

 

To achieve better properties in lignin-polymer blends, chemical modification of lignin 

is often required [59, 60, 63, 82, 107, 115, 116]. In general, lignins, neat or chemically modified, 

could be used to fulfill the following functions within a blend system: reactive component in 

the preparation of various resins  (e.g. epoxy resins, phenol formaldehyde resins (section 6.2) 

[132,133]) and polymers (e.g. polyurethanes (sections 4 and 5.2) [98,134-136]), nucleating 

agent (section 4) [86,93,94,137], surfactant [138-141], UV blocker (section 4) [51,110,142-

145], thermal stabilizer (section 4) [52,53,62,146],  flame retardant [147-152], adsorbing agent 

(section 4) [124], reinforcing filler in composites (section 5) [60,62,71,72,94,95,137,153], anti-

microbial agent (biocide) [154,155], supercapacitor for energy storage (section 6.3) [156-159], 

carrier (for biomedical and pharmaceutical applications) (sections 4 and 5.3) [121,160], and 

precursor for sustainable and cost-effective carbon fibers (section 5.4) [161]. 

 

5. Lignin in composite formulations                           

Considerable efforts have been made in recent decades in order to valorize lignin and its 

derivatives into advanced composite materials driven by the accelerated fossil reserves 

depletion, increased environmental awareness, and the high societal demand for eco-friendly, 

renewable, self-sustainable materials as well as governmental incentives and legislation [162]. 

A wide variety of applications is already known and well documented, ranging from simple 

formulations up to multicomponent/multifunctional polymeric systems with tunable property 

capability [163]. Therefore, extensive research has been dedicated to elucidate the 

structure/property relationships in lignin, as well as its interactions with other materials 



[164,165]. These studies have enabled the usage of lignin-based materials in advanced 

applications, such as bioplastics for agricultural purposes (e.g. lignin-based mulch films) and 

food packaging [166-168], and slow-release fertilizers and herbicides [169,170], such materials 

being also valuable for the production of biofuels [171-175], energy storage devices [176,177], 

structural modifiers [82,168,178-184], nanocomposites, nanoparticles and nanofibers [185-

191].     

However, the literature is inconsistent in its definition and classification of lignin-based 

multicomponent materials. With the terms ”blends” and ”composites” used interchangeably, 

while the role of lignin itself is often uncertain: varying between a matrix material, or an 

additive; either as a filler or reinforcement. In the subsequent sections we attempt to clarify 

these issues. 

5.1 Lignin as matrix for composite materials  

Since the melting temperature of lignin is in the range of 140-160°C (lower than PLA: 180-

210°C) [184] and given its complex thermal behavior, it is well suited as a matrix for 

thermoplastic biocomposites which contain natural thermo-sensitive fillers/reinforcements, 

such as hemp, flax, and wood to produce fully biobased composites or green composites [192-

200]. Results have shown that effective bonding between the lignin matrix and natural fibers is 

possible [184]. Such composites display mechanical properties which are highly dependant on 

fiber content, but above certain amounts of filler these properties were significantly reduced 

[201]. Along with weight reductions and less shrinkage, these materials proved to be effective 

in the attenuation of sound and noise, and oscillations [202], as well as shock absorbance [184], 

and are thermally stable at high temperatures not requiring flame retardants [203]. When metal 

nanoparticles (Pt) were deposited onto natural fibers (softwood, hemp) and subsequently 

incorporated into the lignin matrix, composites with reduced electrical resistance were 

produced [204-207]. Combining the properties of different fillers, such as natural fibers and 



clays (sepiolite, organically modified Montmorillonite  (MMT), it is possible to obtain lignin-

based thermoplastic composites with predetermined properties in terms of mechanical and 

thermal performance [208].  

5.2 Lignin-containing composites 

Generally, it has proven difficult to incorporate high amounts of raw lignin (up to 40% w/w) 

into composite matrices, due to its poor compatibility, however lignin derivatives have shown 

promise. Thus, using Kraft lignin, it is possible to increase the content up to 80 wt%, and, 

consequently,  significantly improve the tensile strength and Young`s moduli of matrices [163].  

Composites containing different types of lignin fillers (Kraft, organosolv, soda lignin, 

acetylated softwood Kraft lignin - ASKL) have proven to display high performance properties 

[87,163]. Experimental data has confirmed that lignin addition increases the crystallization rate 

and degree of crystallinity, improves thermal properties (i.e., enhanced flame retardancy due to 

the formation of high amounts of char residue upon heating in an inert atmosphere, which 

reduces the combustion heat and the heat release rate), and enhances mechanical properties of 

matrices as shown in Table 2. 

Table 2. Thermoplastic composites containing lignin as filler 

Matrix Lignin type Observations 

 

Ref. 

PP from wood use of 2% reactive compatibilizer with flexible segment 

(RCFS)  

[209] 

 compatibilized with a hyperbranched polymer lubricant 

(HBPL) 

[210] 

from wood less loss of flexural strength and modulus and less 

roughness on the weathered surface 

[211] 

 impact properties improved [212] 

 modification of surface properties: polypropylene surface 

achieved increased hydrophilicity  

[213] 

hardwood Kraft 

lignin 

main objective: improving the strength properties of the 

composites; lignin surface modification depends on the 

nature of the plasma treatment: SiCl4‐plasma treatment 

resulted in silicon implantation; plasma‐induced 

copolymerization of acryloyl chloride on lignin yielded 

in thin film deposition.  

[214] 



PE hardwood Kraft 

lignin  

free-radical grafting as a compatibilization method [215] 

 different compatibilizing agents (PE-a-MAH and PP-a-

MAH) were added to improve the interfacial interactions 

between matrix and filler; PE-a-MAH proved to be more 

effective for the PE-based composites 

[216-

219] 

 MA-g-LDPE as compatibilizer and copper(II) sulfate 

pentahydrate (CuSO4.5H2O) as dispersing agent for 

lignin in PE 

[220] 

 catalytic grafting technique of lignin particles to PE [221] 

 various contents of lignin (1-15%); antibacterial activity 

increased 

[222] 

 addition of EVA as compatibilizer and a transition metal 

salt as oxo-biodegradation promoter 

[223] 

 foams with mixed matrix LDPE-EVA and lignin 

particles homogeneously dispersed  

[224] 

PS - key 

issue: lack of 

compati-

bility 

between 

components, 

leading to 

poor 

properties 

 content of lignin 0%-80%; addition of a compatibilizer [107] 

 content of lignin 0%-80%; addition of a compatibilizer [225] 

lignin from rice 

straw pulp 

lignin complexation with cobalt (II); potential 

applications in the area of marked packaging materials 

[226] 

 the matrix was grafted on the lignin nanoparticles;  

the formation of aggregates was observed, indicating 

incompatibility between the lignin particles and the PS; 

nanocomposites with a tailored architecture can be 

obtained 

[227] 

PA Alcell 

(organosolv 

lignin from 

abaca and sisal  

PA11 derived from castor oil; lignin particles remained 

well-dispersed in the polyamide matrix 

[102] 

organosolv 

lignin 

PA6; lignin content prevented degradation of the 

composite (susceptibility of PA to UV radiation) 

[228] 

PVC lignin treated 

with poly(ethyl 

acrylate-co-

maleic 

anhydride) 

the pretreatment of lignin resulted in improved toughness 

and impact strength 

[229] 

lignin treated 

with poly(ethyl 

acrylate-co-

acrylic acid) 

improved thermal properties [230] 

lignin with a 

lower molecular 

weight resulted 

by fractioning 

in a mixture of 

propanol, 

ethanol, and 

methanol 

although lignin can be compatible with the PVC matrix, 

its rigid phenolic structure results in increased brittleness 

[231] 



lignin particles 

treated with 

polyacrylate 

improved compatibility [232] 

magnesium 

hydroxide- 

functionalized 

lignin 

filler content 2.5-10%;  notable fire resistance of 

composites 

[233] 

 SiO2–lignin 

particles 

filler content 2.5-10%;  notable fire resistance of 

composites 

[234] 

PVA – main 

issue: to 

reduce 

miscibility 

lignin 

nanoparticles 

obtained using a 

high-shear 

homogenizer 

a slight increase in the thermal stability [235] 

quaternized 

lignin 

use of a formaldehyde as 

cross-linking agent to increas the water resistance 

[236] 

quaternized 

lignin 

the adsorption was strongly influenced by pH [237] 

ABS  reactive compatibilization; improved flame resistance of 

the composite 

[238] 

TPU ASKL lignin content: up to 90%; the phase morphology 

changed from an isolated hard domain structure to an 

interconnected one as the physical cross-links increased 

[239] 

starch Kraft lignin and 

esterified lignin 

improved mechanical properties and resistance to water 

sorption 

[116]  

poly-

siloxanes 

 polydimethylsiloxane improved the water sorption 

resistance 

[240] 

 mixed filler: 

lignin as a 

bulky filler and 

silica 

polysiloxane matrix was less compatible with lignin than 

silica, and a phase separation occurred yielding in a 

composite with a surface rich in hydrophobic units 

[241] 

polyaniline  removal and recovery of Au(III) from aqueous solutions; 

low-cost lignin-based biosorbent 

[242] 

silica  silica matrix; porous structures for the sorption of heavy 

metals 

[243] 

 hydrated silica matrix; preliminary silica modification 

entailed an increased surface activity, yielding in binding 

a greater amount of lignin at the same weight 

contributions; confirmed their mesoporous structure 

[244] 

poly(o-

phenylene 

diamine) 

 formation of lignin-based 

composites on the surface of a glassy carbon electrode, 

due to electrochemical properties of the composite 

[245] 

PET  lignin content up to 20%; lignin prevents the oxygen 

transfer toward the polymer 

[246] 

 

 

The ideal multicomponent system for a thermosetting formulation requires the components to 

have a low viscosity prior to curing, and, therefore, it is of critical importance to find the best 



suited materials (for example, unsaturated polyester resins for glass-fiber composites, epoxy 

resins for carbon fiber composites). Given its highly branched structure, functional groups, and 

free positions for substitution at the aromatic nuclei, lignin can be considered a valuable 

component in both thermosetting resins (as component or replacement of the hydroxylic co-

monomer) and thermosetting composite formulations. Even more so, as the type of lignin 

influences the final properties of the material; thus, different types of lignin, including Kraft 

lignin (KL), lignosulfonates, organosolv and enzymatic hydrolysis lignins, have been studied 

in these systems [247].  

The main characteristic of lignin in such complex formulations is its reactivity: lignin behaves 

as a reactive filler. Athough the vast majority of work has been on the addition of lignin to 

thermosetting resins, recent studies have reported lignin as filler in thermosetting composite 

formulations [2].  

Most common thermosetting resins used for lignin-containing composites are phenol-

formaldehydes (PF), polyurethanes (PU), and epoxies (EP). In PF formulations, lignin was 

predominatly employed as resin component. However, when it is used for highly porous 

aerogels and cryogels containing over 80% lignin [248], it has been reported that lignin acted 

as both a resin component and reactive filler. Enzymatic treatment of lignin activates the 

phenolic rings of its structure by oxidation and this lignin modification may be employed in 

urea-formaldehyde-based composites [249]. It has been reported that lower amounts of resin 

were used as a result of lignin acting both as filler and binder. It has been shownthat 3% lignin 

in a PU-based composite formulation, where the PU was made of hydroxyl terminated 

polybutadiene as soft segment in combination with toluene diisocyanate (TDI), yielded 

materials with poor mechanical properties because some of the lignin remained unreacted and 

behaved as filler, thus causing an irregular network structure [250,251]. A similar behaviour 

was ascertained for lignin in some rigid [252] and flexible PU foams (made of softwood Kraft 



lignin, PEG with variable molecular weights and TDI) [253]. In the case of flexible foams, it 

was concluded that the viscoelastic properties of the foams is highly dependent on the 

increasing hard segment content as the lignin component is acting as a filler, and limiting 

crosslinking effects. A PU-based sealant containing various amounts of lignin (5-20%) has also 

been reported and it showed increased toughness and stiffness depending on the lignin content 

as it partly acted as reinforcement [254]. 

5.2.1 Lignin reinforced bioplastic composites 

Lignin-reinforced biocomposites can be processed in extruders with modified geometry to 

allow good distribution of filler and prevent thermal degradation of both matrix and 

reinforcement components. At the same time, given that lignin is commercially available as 

particles or powder, other methods, such as heating-cooling mixing or extrusion-compression 

molding, can  also be employed. Most of these biocomposites show improved thermal and 

mechanical properties, and can be used in odor and emission control as well. A few examples 

are presented in Table 3. 

 

 

 

 

 

 

 

 

 

Table 3. Lignin as filler in biocomposites 

Biopolymer matrix Comments Ref. 



 

 

 

polybutylene 

succinate (PBS) 

methylene diphenyl diisocyanate (PMDI) compatibilizer; 

lignin weight content: 65 % 

[255] 

lignin and switch grass as reinforcement; polymeric 

methylene diphenyl diisocyanate (PMDI) as compatibilizer 

[256] 

filler: acidolysis lignin and alkali enzymatic lignin [257] 

WAXD and SAXS investigations revealed that presence of 

the AL does not influence the crystal and supermolecular 

characteristics of the PHB 

[258] 

poly(3- 

hydroxybutyrate-co-

3-hydroxyvalerate) 

(PHBV) 

lignin was obtained from sugar cane bagasse; lignin content 

up to 80% 

[112] 

 

starch 

 

reactive filler; lignin stabilizes the residual starch structure [259] 

mixed matrix: cellulose and starch; lignin filler (1-5 wt%); 

hybrid green composite films with excellent mechanical 

properties in dry and wet states, and good thermal stability 

and high gas barrier 

[260] 

matrix: glycerol-plasticized corn starch (GCS) – adipic acid 

modified starch microparticles (AASM) 

[261] 

PA tall oil based polyamide [283] 

polybutylene 

adipate-ω-

terephtalate 

applications: non-food packaging or other short-lived 

applications (agriculture, sport) 

[262] 

 

 

 

 

PLA 

PEG added as plasticizer [263] 

three silane coupling agents: 3-aminopropyltrieethoxy-

silane, γ-glycidoxypropyl-trimethoxy-silane, and g-

methylacryloxy-propyltrimethoxy-silane  

[264] 

composites exhibited a six-fold increase of elongation at 

break and a simultaneous improvement in their tensile 

strength and Young's modulus 

[265] 

comparative study using PP or PLA as matrix, and 

cellulose, lignin or wood flour as filler 

[266] 

 

 

 

matural rubber (NR) 

NR/soda lignin and NR/thiolignin composites [267] 

improvement of main mechanical properties [268] 

comparative study on natural rubber (NR) and styrene 

butadiene rubber (SBR) matrices; lignin filler -forming 

agglomerates 

[269] 

epoxidized natural rubber [270] 

homogeneous dispersion of filler and the strong interfacial 

adhesion significantly enhanced the thermal stability and 

mechanical properties of nanocomposites 

[187] 

 

 

5.3 Lignin in nanocomposite materials  

In an effort to further valorise lignin, it has been  successfully converted into nanoparticles, 

nanocapsules, nanofibers, nanotubes and other nanostructured materials [190,271-273] and 



these nanomaterials are finding application in the biomedical sector (gene therapy, controlled 

drug release, pharmaceutical excipients [274]), food packaging, UV protection, as antioxidants, 

and in microfluidics [275].  

 Lignin nanoparticles significantly improve the thermal and mechanical properties of their 

corresponding polymer nanocomposites. The presence of reactive functional groups on the 

nanoparticle surface, enables surface modification reactions which can contibute to the 

interfacial adhesion between the nanofillers and matrix material. Lignin nanoparticles can be 

obtained by differing methods antisolvent precipitation, interfacial crosslinking, ultra-

/sonication, polymerization, solvent exchange, and so on, the resulting particles may have 

predefined shapes, size and dimensional distribution. Some recent developments in the field of 

nanostructured lignin-based materials are presented in Table 4. 

 

Table 4. Lignin-based nanostructured materials 

 

Nanostructured 

material 

Comments Ref. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nanoparticles 

solid and hollow spherical lignin nano- and microparticles using 

ultrasonic spray-freezing and electrostatic stabilization; applications: 

cosmetics (sunscreen), pharmaceutics (drug delivery) 

[276] 

 

nanoparticles obtained by gradually addition of  HCl to lignin 

solutions in ethylene glycol; no cytotoxicity towards yeast or 

microalgae 

[277] 

 

addition of water (non solvent ) to a solution of acetylated lignin in 

THF 

[278] 

lignin alkaline solutions were added to cationic polyelectrolyte 

solutions of poly(diallyldimethylammonium chloride); colloidal 

particles (200 nm diameter) with a positive surface charge were 

obtained 

[187] 

lignin nanoparticles as antioxidants and UV protection  [144] 

core-shell silver-lignin nanoparticles  [279] 

organic-inorganic hybrid materials containing lignin nanoparticles [280] 

one pot synthesis of lignin nanoparticles in the presence of liquid CO2 

as antisolvent 

[281] 

lignin micelles for UV protection [282] 

Pickering emulsions stabilized by lignin nanoparticles [283] 

hyperbranched lignin copolymers able to self organize as to form 

nanoparticles with plasmid DNA (pDNA); promising nonviral gene 

vectors gene delivery applications 

[284] 



lignin nanoparticles obtained by ultrasonication [285] 

introducing water into the solution of softwood kraft lignin in 

tetrahydrofuran (THF) through dialysis 

[286] 

lignin-based nanoparticles for antitumoral drug delivery [188] 

organic –inorganic hybrid nanoparticles of lignin treated with iron 

isopropoxide 

[287] 

lignin nano- and microparticles for stabilized emulsions  [288] 

polyacrylamide-g-kraft lignin nanoparticles were obtained using 

reversible addition–fragmentation 

chain transfer (RAFT) method;  application: Pickering emulsions 

(tuning the aggregation strength while retaining interfacial activity) 

[289] 

enzyme-assisted preparation of lignin nanoparticles (20-100 nm) with 

reduced polydispersity 

[290] 

uniform size and shape nanospheres obtained by self-assembly of 

enzymatic hydrolysis lignin (EHL) dissolved in tetrahydrofuran by 

adding water under magnetic stirring 

[291] 

lignin nanoparticles in PVA and chitosan formulations were tested 

for their biocide properties; applications: food packaging, drug 

delivery, tissues engineering, wound care 

[292] 

lignin nanoparticles in PLA and PLA-g-GMA matrices as weathering 

protection and UV barrier 

[293] 

 

 

 

 

nanofibers 

PLLA/PLA–lignin electrospun nanofibers with excellent antioxidant 

activity and good biocompatibility for biomedical applications  

[294] 

hybrid polyester-lignin nanofibers [295] 

lignin-based electrospun nanofibers with highly elastic properties [296] 

electrospun defect-free nanofibers from soy protein and lignin  [297] 

defect-free electrospun nanocomposite fibers produced from aqueous 

dispersions of PVA, lignin nanoparticles and cellulose nanocrystals 

[298] 

lignin-based electrospun nanofibers reinforced with cellulose 

nanocrystals 

[299] 

 

 

 

 

 

nanocapsules 

oil-filled capsules of kraft lignin synthesized from an oil in water 

emulsion submitted to a high-intensity, ultrasound-assisted 

crosslinking of lignin at the water/oil interface; nanocapsules 

(diameter 300 nm) were obtained when prepared in the presence of 

PEGDEG 

[186] 

hollow nanocapsules (160-390 nm) obtained by 

interfacial polyaddition in inverse miniemulsions; the nanocontainers 

can be loaded with hydrophilic substances which can be released by 

an enzymatic trigger 

[300] 

nanocapsules by self-assembly of Kraft lignin [301] 

pH-sensitive lignin nanocapsules for controlled delivery of 

hydrophobic molecules 

[302] 

nanotubes lignin nanotubes as smart delivery vehicles for DNA; no cytotoxicity 

associated; no immunogenicity as in the case of viral vectors 

[303] 

 

 

 

hybrid fibers made of nanocomposites containing softwood kraft 

lignin and MWCNTs; good porosity and surface properties 

[304] 

MWCNTs-lignin nanocomposites with redox activity [305] 



 

other 

nanostructured 

materials 

ternary nanocomposite films based on PLA and hybrid nanofillers: 

cellulose nanocrystals and lignin nanoparticles; application in food 

packaging  

[306,

307] 

PMMA nanocomposites with lignin nanoparticles obtained by free-

radical graft polymerization combined with masterbatch procedure 

[308] 

graphene exfoliation and stabilization in the presence of lignin by 

adsorption of lignin onto graphene surface (hybrid nanosheets) via  

π-π interactions during ultrasonic processing 

[309] 

 

Chemical modification of lignin based nanomaterials offers the possibility to open new 

directions for the development of lignin-based multicomponent polymer systems with tailored 

properties. Even more so, given their biocompatibility, lack of cytotoxicity, and 

biodegradability, lignin utilisation for biomedical applications, such as drug and gene delivery, 

cosmetics and pharmaceutics offers an intriging prospect. 

In blend or composite/nanocomposite formulations, raw or chemically modified, in 

combination with synthetic/natural polymers, assisted by specific additives (compatibilizing 

agents, dispersants, flame retardants, enzymes etc.), lignin proved to beneficially add to the 

properties’ performance of the resulted polymer systems. Recent applications of lignin in 

thermoplastic/thermosetting and natural rubber polymer systems are presented in Tables 5-7. 

 

Table 5. Recent applications of lignin in thermoplastic polymer systems 

 

Polymer

matrix 

Investigated properties Lignin content Ref. 

LDPE mechanical and thermal properties up to 40wt% [60] 

LDPE mechanical properties and morphology 20wt% [310] 

HDPE UV weathering 0-29wt% [311] 

HDPE dimensional stability, morphology, thermal and 

mechanical properties 

20wt% [312] 

HDPE density, morphology, mechanical and thermal 

properties 

40-60wt% [313] 

PP mechanical and morphological properties 50wt% [314] 

PP morphology, mechanical and thermal 

properties 

30wt% [315] 

PP mechanical, thermal and rheological properties, 

oxidation induction time 

10-30wt% [316] 

PP physical, mechanical, and thermal properties 50wt% [182] 

PP mechanical properties, melting/crystallization 

behavior and morphology 

20-40wt% [317] 

PS mechanical and rheological behavior 0-80wt% [107] 



PS 

 

morphological structure, thermal properties, 

mechanical properties  

5wt% [317] 

PS mechanical and thermal properties 3.2-19.6wt% [225] 

PS thermal stability, mechanical properties 0-80wt% [226] 

PET supermolecular structure and thermal properties 0-70 wt% [318] 

PET thermal stability and melting behavior, 

crystallinity 

0-80wt% [246] 

TPU mechanical and thermal properties, rheology up to 90wt% [319] 

TPU thermo-mechanical properties,  

thermal stability and dielectric properties 

up to 30wt% [320] 

TPU mechanical and thermal properties 5-20 wt% [321] 

PDMS mechanical and thermal properties 0-70wt% [241] 

ABS thermal, mechanical, and rheological properties 10-30wt% [322] 
LDPE= low density polyethylene; HDPE=high density polyethylene; PP= polypropylene; PS=polystyrene; 

PET=poly(ethylene terephthalate); TPU= thermoplastic polyurethane; PDMS=polydimethylsiloxane; 

ABS=acrylonitrile butadiene styrene 

 

 

Table 6. Recent applications of lignin in thermosetting polymer systems 

 

Polymer matrix Investigated properties Lignin content Ref. 

Epoxy resin mechanical properties 15-30wt% [323] 

Epoxy resin mechanical and thermal 

properties 

2-9wt% [324] 

Epoxy resin mechanical, thermal and 

microstructure properties 

up to 60 wt% [325] 

Epoxy resin thermal stability, shear strength 5wt% [326] 

Epoxy resin tensile properties up to 50 wt% [327] 

PFR wettability, contact angles up to 40 wt% [328] 

PFR thermal properties 5-20wt% [329] 

Poly(vinyl ester) resin thermo-mechanical properties 10-30wt% [330] 
PFR= phenol formaldehyde resin 

 

Table 7. Recent applications of lignin in rubber polymer systems 

 

Polymer matrix Investigated properties Lignin content Ref. 

SBR mechanical properties 20-30wt% [331] 

NR thermal and mechanical properties 10-70 wt% [3] 

NR and SBR morphology and mechanical properties 50wt% [332] 

NR mechanical properties 20-30wt% [333] 

NR thermal stability and mechanical properties 15wt% [334] 

NR thermal and mechanical properties 5-40wt% [335] 
SBR=styrene-butadiene rubber; NR= natural rubber 

 

 



5.4 Lignin based carbon fibres  

The first studies on carbon fibres production using lignin were carried out in the 1960s. Otanie 

et al. [336] produced lignin carbon fibres (LCFs) from several types of lignin (alkaline lignin, 

thiolignin, and lignosulfonate) using different techniques such as: dry spinning, wet spinning 

and melt spinning. Nippon Kayaku commercialised LCFs with the name “kayacarbon” in 1969. 

Several studies were carried out using these fibres for example:   Tomizuka et al [337] studied 

the voids and structure of these LCFs. At that time,  the vast majority of the studies only 

considered wet spinning as a production technique for LCFs thus, high molecular weight 

polymers such as; poly(vinyl alcohol) (PVA), or poly(acrylonitrile) (PAN) were needed to 

improve the processability of lignin solutions. Utilising this method tensile strength values 

around 0.8 GPa were reported [337,338].  During the early 1990s, several studies were focused 

on melt spinning for producing lignin carbon fibre precursors this offers the advantage of not 

requiring solvents. The main difficulties are that lignin needs to be fusible and a stabilization 

step is needed prior to carbonisation. During the stabilisation step the thermal behaviour of 

lignin changes from thermoplastic to thermoset thereby allowing the precursor fibres keep their 

shape during the carbonisation step. In general, for lignin stabilisation long times are required 

due to the slow heating rates between 0.1-2 K/mim. Sudo et al. [339] reported the synthesis of 

phenolated lignin for carbon fibre production.  The fibres were previously stabilised at 220-280 

ºC and they achieved tensile strength values around 0.45 GPa with a carbon yield of 40 %.  

Uraki et al. reported the preparation of carbon fibres from organoslv lignin [340]. They 

acetylated lignin in order to improve its spinnability. In addition, lignin was fractionated in low 

and high molecular weight fractions in order to study their behaviour during the spinning 

process. Precursor fibres were carbonised at 1000 ºC previously stabilised at 250 ºC using a 

heating rate of 0.5 K/min. However, the mechanical properties were very low (tensile strengths 

of 0.36 GPa) due to the presence of voids in the carbon fibres. At that moment, the main 



problems for melt spinning lignin are associated to the thermal behaviour of lignin and its high 

brittleness. For these reasons, lignin polymer blends have been studied as carbon fibre 

precursors.  The addition of a thermoplastic polymer to lignin improves two important aspects. 

On the one hand the precursor fibres are less brittle and on the other hand the thermoplastic 

behaviour of lignin is improved.  In 2002 Kadla et al. reported the synthesis of carbon fibres 

based on lignin/poly(ethylene oxide) (PEO) blends using  kraft lignin, without any chemical 

modification [341]. The PEO content was 5-25 % and they achieved tensile strength values of 

400-550 MPa and elastic modulus 30-60 GPa. Later on, Kubo and Kadla published the effect 

of the synthetic polymer (PP and PET) and lignin blends on fibre properties [342]. The 

immiscibility between PP and lignin generates a porous structure in the final carbon fibre 

producing lower mechanical properties (167 MPa tensile strength and 28 GPa modulus) 

compared to lignin/PET blends (700 MPa tensile strength and 94 GPa modulus) that were 

completely miscible. Lignin copolymers with PAN were developed by Maradur et al. using 

radical copolymerization in DMSO [343]. Fibres were produced by wet spinning showing good 

morphology however, mechanical values of the carbonised samples were not provided by the 

authors. A thermally fusible softwood lignin, isolated by solvolysis with a mixture of 

polyethylene glycol 400 (PEG 400) and sulfuric acid, can be easily formed into fibres by melt-

spinning at temperatures ranging from 145 to 172 °C without any modification. These lignin 

fibres could be converted into infusible fibres as a precursor for carbon fibres by conventional 

oxidative thermal stabilization processing in air or a stream of oxygen [344].  From 2012 to 

2014 PEO/lignin blends were dominating the studies on carbon fibres produced by melt 

spinning [345] but the values of mechanical properties (400-600 MPa tensile strength and 30-

40 GPa modulus) were still poor compared to PAN fibres. In 2015 composite fibres from lignin, 

polyacrylonitrile, and carbon nanotubes (CNT) were successfully fabricated by gel spinning 

and carbonised [346]. Mechanical properties were studied for those fibres and high values of 



tensile strength 1.4 GPa and elastic modulus, 200 GPa were obtained. Biopolymers such as 

poly(lactic acid) were also used in lignin blends for carbon fibre production [347]. The 

immiscibility between PLA and lignin generated a heterogeneous morphology along the carbon 

fibres reducing the mechanical properties compared with pure lignin fibres. Values of tensile 

strength of around 160 MPa and 11 GPa of modulus were obtained with 20 % PLA content in 

the precursor fibre. In 2016, Qu et al. reported the study of carbon fibers produced from lignin-

derived phenolic oil [348]. Pyrolytic lignin was isolated from pyrolysis oil of red oak. The fibres 

were processed into carbon fibres through melt-spinning, oxidative stabilization and 

carbonization at 1000 °C giving tensile strength and modulus values of around 1014 MPa and 

122 GPa, respectively. More recently, other polymer blends based on lignin have been 

developed. Thermoplastic elastomer polyurethane was used to increase the melt spinning 

processability of organosolv and modified kraft lignin [98], due to the good miscibility between 

then (see Figure 3). Carbonized fibres showed good values of mechanical properties of tensile 

strength, 1 GPa and elastic modulus 80 GPa. In addition, those kinds of lignins (organosolv and 

modified kraft lignin) were evaluated from the point of view of thermal and dielectric behaviour 

determining that organosov lignin is more suitable than kraft lignin for carbon fibre production 

[5]. Recently, kraft lignin was fractionated using solvents-based systems involving acetic acid 

+ water in order to isolate the higher molecular weight fractions [349]. The results in terms of 

mechanical properties were promising achieving tensile strength and modulus of 1.39 GPa and 

98 GPa respectively, representing the highest mechanical properties ever obtained for carbon 

fibers derived from low-cost, chemically unmodified lignin. Although, the mechanical 

properties of lignin based carbon fibres are being increased, further investigations are required 

in order to produce carbon fibres from lignin which can adequately replace PAN based fibres. 

Understanding and promoting crosslinking reactions during the stabilisation and carbonisation 



step can play an important role in future investigations for high performance lignin based carbon 

fibres.  

 

 

Figure 3. SEM images of the cross section of (a) organoslv/TPU  and (b) modified-Kraft/TPU 

preurosr fibres. Reproduced with permission from [98] 

 

6 Applications of lignin-based polymer materials  

6.1 Lignin as source of phenol in thermoset resins 

Generally, adhesives for wood materials are based on the combination of formaldehyde with 

resorcinol or phenol, urea, on epoxy resins and on polyurethanes. Although all these polymers 

exhibit high tensile strength, they present drawbacks, such as the release of the carcinogen 

formaldehyde, flammability and the use of supplemental additives, which are usually toxic. 

Based on its polyphenolic structure and its similarity to phenolic resins, lignin can be added as 

an ingredient to phenol-formaldehyde resins, displacing phenol (and some formaldehyde) to 

prepare wood adhesives. Several properties of lignin, such as low glass transition temperatures 



[165], low polydispersity [350], and high hydrophobicity make lignin appropriate to be used as 

adhesive for engineered wood like plywood panels, chip, fiber and wafer board [167]. Although 

lignin satisfies the requirements of a raw material for the synthesis of bio compatible adhesives, 

its chemical heterogeneity is a limiting factor. Moreover, lignin is processed using different 

chemical processes, and each process has its own advantages/disadvantages. The processing 

methods of the lignin have a significant influence on the adhesive properties of the synthesized 

phenol-formaldehyde adhesives [351]. 

There are two groups of lignin-based adhesives: phenol-formaldehyde adhesives when lignin 

is used as a partial replacement of phenol, and formaldehyde-free adhesives when lignin reacts 

with chemicals other than formaldehyde to generate bio-adhesives with less toxicity. 

Lignin-based phenol-formaldehyde (PF) resins are synthesized by an electrophilic substitution 

of the phenolic groups located in ortho positions of lignin with formaldehyde. Among different 

types of lignin, such as lignosulfonates, Kraft lignin, organosolv lignin, enzymatic hydrolysis 

lignin, and soda lignin, Kraft lignin was evaluated as desirable for the substitution of phenol 

because of its more free-ring positions, higher molecular weight and thermal decomposition 

temperature by comparison with other types of lignin [352]. Table 8 presents some examples 

of different lignin-based phenol-formaldehyde adhesives reported in the literature, the 

replacement level of phenol in the synthesis of phenol-formaldehyde resin, and the properties 

investigated by authors. 

 

 

 

 

 

 

Table 8. Lignin-based phenol-formaldehyde adhesives 



 

Type of lignin Level of 

substitution 

Investigated properties Reference 

methylolated 

lignosulfonate 

30 wt% water absorption, thickness 

swelling and flexural strengths 

[351] 

organosolv lignin 50-70wt% thermo-mechanical properties [133] 

lignosulfonate up to 50 wt % shear strength in both wet and 

dry conditions 

[353] 

methylolated 

softwood 

ammonium 

lignosulfonate 

30% chemical structure, thermal 

stability, and rheological 

behavior 

[354]  

Kraft lignin 7 wt % and 15 wt % water resistance [355]  

Kraft lignin 50 wt % modulus of elasticity, modulus 

of rupture, internal bonding 

strength, water absorption, and 

swelling thickness 

[356]  

Kraft lignin 30 wt % shear strength [357]  

Kraft lignin 50wt% mechanical and physical 

properties 

[358]  

hydroxymethylated 

lignin 

10–40 wt% water resistance [359]  

enzymatic 

hydrolysis lignin 

10–60 wt %, adhesive strength [360]  

methylolated 

organosolv lignin 

up to 50 wt% tensile strength [361]  

organosolv lignin 25 to 75 wt% thermal stability [362]  

lignocellulosic 

ethanol residue 

10–70 wt% thermal stability [363]  

enzymatic 

hydrolysis lignin 

up to 55 wt% physical, chemical, thermal, 

and mechanical properties 

[364]  

hydroxymethylated 

lignin 

40 wt% bonding strength [365]  

methylolated bio-

oil-phenol 

formaldehyde 

up to 75 wt% physical, chemical, thermal, 

and mechanical properties 

[366]  

bagasse lignin 30wt% physical properties [367]  

phenolated lignin 50 wt% physical, chemical, thermal, 

and mechanical properties 

[368]  

Kraft lignin 20 wt% mechanical properties, 

stiffness, internal bond 

[369]  

enzymatic 

hydrolysis lignin 

10-20 wt% bonding strengths [370]  



 

6.2 Formaldehyde-free lignin-based adhesives 

Lignin has lower reactivity toward formaldehyde compared to phenol and the incorporation of 

unmodified lignin to phenolic resin formulations is restricted to a low replacement level and 

shows a reduction in adhesion strength with a longer pressing time [371]. Most studies on 

synthesis of lignin-based adhesives without formaldehyde report the use of glyoxal [372-376] 

a non-volatile non-toxic dialdehyde but less reactive than formaldehyde, furfural [377] and, 

more recently, glutaraldehyde [378]. Calcium lignosulphonate reacted with glyoxal under 

alkaline condition, and the resulting lignin was mixed with polymeric diphenylmethane 

diisocyanate (pMDI) and applied as wood adhesives for particleboard applications [375]. The 

formulation containing 4,4´-diphenyl methane diisocynate (pMDI), different ratios of 

methyolated lignin and glyoxal as substitute of formaldehyde in particleboard showed excellent 

internal bonding strengths in dry and boiled conditions in a ratio of 60/40 wt% of glyoxalated 

lignin/pMDI adhesive [372]. Glyoxalated lignin with a low molecular weight in the formulated 

pMDI shows a better internal bonding strength. 

Introduction of triacetin into the lignin-based adhesives enhanced the curing process of the 

methylolated lignin with pMDI and improved the modulus of elasticity value [378]. 

Glyoxalated lignin mixed equally with tannin, followed by crosslinking with hexamine (5 wt 

% of tannin) was reported as a bio-based adhesive without incorporating any synthetic resin 

[373,379]. Another formaldehyde-free resins showed good thermal stability and char yield 

[380]. A formaldehyde-free wood adhesive using Kraft lignin and polyethylenimine (PEI) was 

designed for the manufacture of plywood. The sample containing lignin/PEI in weight ratio of 

2:1 showed the highest shear strengths (dry shear strength, water-soaking- and drying strength, 

boiling water test/dry strength, and boiling water test/wet strength) and the greatest water 

resistance [381,382]. The physico-mechanical properties of a modified ammonium 

lignosulfonate (AL)/PEI mixture as a green binder in preparation of medium density fiberboard 



(MDF) were evaluated [383]. The optimum performance was obtained at 20 wt % binder with 

AL /PEI weight ratio of 7:1 after curing at 170 °C for 7 min. The relative crystallinity of the 

composites was significantly improved. A combination of polyfurfuryl alcohol (PFA) and 

lignin, where furfural and lignin replaced formaldehyde and phenol in polyphenol (PF) resins, 

respectively, were prepared in lignin contents of 20 and 30 wt % [384].  

The presence of lignin led to the formation of a slightly stiffer matrix with better impact 

strengths. Similar lignin-furfural based adhesives show a better performance because the lower 

molecular weight of lignin has better mobility and exhibited better mechanical properties. The 

influence of furfural content, pH, curing temperature and pressure on the mechanical properties 

were studied [377]. Enzymatic hydrolysis lignin (EHL) performed in oxygen plasma improved 

the physical and mechanical properties of EHL. The modulus of elasticity, modulus of rupture, 

and internal bonding strength increased while thickness swelling decreased with increasing the 

time and power of the plasma processing [385].In a recent study phenol portion from phenol 

formaldehyde resin was replaced by an agricultural‐based lignin, which was produced as a 

byproduct of a cellulosic bioethanol process through dilute‐acid pretreatment and enzymatic 

hydrolysis from corn stover. The PF resol resin was formulated using isolated lignin under 

alkaline condition [386]. 

6.3 Lignin-epoxy resins 

 

Noteworthy, there have been several reports in the literature that presents the interest in 

preparing lignin-epoxy resins. For these applications the waste lignin derived from the common 

pulp and paper processes (Kraft, soda, etc.) must be purified (precipitation, deionisation, etc.) 

or one can  use lignin from the less condensing pulping processes such as Alcell, non-wood 

fibres pulping. Phenolated Kraft lignins with different purity degrees were prepared and tested 

as adhesives for plywood. When the phenolation of Kraft lignin was acid catalyzed the strength 

and water resistance of the final resin were higher. The experimental tests evidenced that lignin 



purity did not influence the adhesive properties of the resulting resins [387-389]. Some 

scientific papers show that significant lignin loads (<50 wt%) could be incorporated into the 

epoxy resin and they exhibited good electrical (dielectric constant, loss in dielectric tangent 

angle and dielectric rigidity, volume and surface resistivity,) and mechanical properties, as well 

as high impact toughness (Charpy impact strength) as compared with the lignin free phenol 

epoxy resins [390-392]. Later on, lignin was incorporated into the resin for fabrication of 

printed circuit boards [393]. Some other reports show that epoxy modified lignin-based resins 

can be prepared in significant quantities by purification techniques involving reaction of lignin 

with epichlorohydrin and subsequent recycling of excess of epichlorohydrin and filtration to 

purify the resulting resin [388,394].  

 

6.4 Lignin based nano carbon fibres for energy storage devices  

 

Currently, there are several kinds of devices able to store energy such as: fuel cells, batteries, 

combustion engines, supercapacitors and capacitors [395,396]. Basically, there are two 

parameters characteristic for all devices employed in energy storage, one is the energy density 

and the other one is the power density. The energy density gives information about the amount 

of energy that the device can accumulate per unit mass, the power density is related with the 

power output that the device is able to supply per unit mass. Batteries show high energy density 

however low power density; in contrast capacitors exhibit a high power density and low energy 

density. Consequently, batteries store energy well, however the energy output is low. On the 

other hand capacitors are able to fast supply energy, however, they cannot store energy well. In 

the region with intermediate properties are the supercapacitors. During the last decade, carbon 

nanofibers (CNFs) produced by electrospinning have been studied as electrodes for both kind 

of devices, supercapacitors and batteries.  Although, the vast majority of studies published until 



now, use PAN as precursor material [397], below we describe the few papers that use lignin 

based precursors.  

Lai et al published the synthesis of electrospun CNFs made from lignin/PVA solutions [398].  

The gravimetric capacitance of CNFs produced from lignin/PVA(70/30) exhibited 64 F.g-1 at  

400 mA.g-1 and 50 F.g-1 at 2000 mA.g-1. The CNFs electrodes also exhibited excellent cycling 

durability/stability, and the gravimetric capacitance only was reduced by around 10% after 6000 

cycles of charge/discharge. In 2015, You et al. [399] reported the preparation of Lignin-based 

activated carbon fibers by electrospinning of hardwood acetic acid lignin. These CNTs showed 

good capacitance, 133.3 F g-1 at a current charge of 1 A g-1. High energy and power density for 

this device (42 Wh kg-1 and 91 kW kg-1, respectively) were also achieved. Electrodes produced 

from soda lignin and PEO CNFs show good potential for supercapacitors as was reported by 

You et al.  [400].  Lignin/PEO CNFs electrodes with an organic electrolyte exhibited an 

impedance of 1.6 Ω and a specific capacitance of 92.6 F g-1 at a scan rate of 1 A g-1. In addition, 

hybrids materials based on PAN/lignin/NiCo2O4 were studied by Lei et al in 2017 [401].  They 

produced PAN/lignin based carbon nanofibers with different contents of lignin. Afterwards, the 

NiCo2O4 oxides were deposited on the surface of CNFs by hydrothermal reaction. They 

developed flexible PAN/lignin/NiCo2O4 CNFs electrodes giving a high specific capacitance of 

1757 F g-1 at 2 mA cm-2 and excellent cycle resistance with 138% of capacitance retention after 

5000 cycles at 7 mA cm-2. 

There are only a few examples of electrodes made from lignin based solutions in the last decade. 

Nitrogen-doped free standing fused carbon fibrous mat, fabricated from organosolv lignin/ PEO 

(90:10) blend via electrospinning followed by carbonization and thermal annealing in the 

presence of urea, was prepared by Wang et al. [402].  The fused carbon fibres without nitrogen 

doping exhibited high specific capacity up to 445 mA h g−1 at a current density of 30 mA g−1 

(comparable to PAN derived carbon nanofibers) and good cyclic stability at different current 



rates. After thermal annealing in the presence of urea, the charge capacity was further improved 

to as high as 576 mA h g−1 and still maintained a good capacity of about 200 mAh g−1 even at 

a high current rate of 2000 mA g−1. In 2014 Jin et al. reported CNFs electrodes for sodium ion 

batteries made from PAN/lignin solutions [403]. With a mass ratio PAN/lignin of 5/5 which 

exhibit a high reversible capacity of 292.6 mA h g-1 with an initial efficiency of 70.5% at a 

constant current density of 0.02 A g-1. Research on lignin based batteries is currently at an early 

stage. There are difficulties associated with electrode preparation as some lignins are impossible 

to stabilise and therefore convert to carbon nanofibres and due to the occurrence of irregular 

morphologies as a result of electrospinning low viscosity lignin solutions. 

 

6.5 Lignin-based hydrogels 

 

Hydrogels are defined as physically or chemically cross-linked three-dimensional hydrophilic 

networks that swell in water or aqueous solutions. Hydrogels present interesting properties such 

as highly water absorption and retention, good biocompatibility, tissue-mimicking ability, and 

controlled diffusion [404], making them suitable for a large number of applications such as 

tissue engineering, absorption, drug delivery and biosensors [405]. Hydrogels can be 

synthesized using several methods including free radical polymerization, irradiation, as well as 

chemical and physical cross-linking of polymers. Lignin has become the focus of many studies 

in the field of hydrogel development due to its inherent properties such as biocompatibility, 

biodegradability, low toxicity, and importantly its susceptibility to enzymatic degradation 

[405]. Early works have shown that the preparation of lignin hydrogels by graft 

copolymerization between acrylamide (AM) and poly(vinyl alcohol) (PVA) with alkaline or 

kraft lignin (AM-PVA-g-lignin) and then by mixing with acrylamide monomer was possible 

[406]. Compared with Kraft lignin hydrogel, the alkaline lignin hydrogel showed very high 

swelling ratios and slower water uptake and deswelling rates which can be attributed to its 



network structure [406]. Xanthan-lignin networks were reported by Raschip et al. [407] as being 

obtained by crosslinking xanthan and lignin in the presence of epichlorohydrin. This study 

showed that the structure of lignin strongly influenced the swelling process. Poly(ethylene) 

glycol diglycidyl ether (PEGDGE) has also been utilised as a crosslinker for several technical 

lignins (see Figure 4) producing highly swollen gels, which exhibited mechanical stability 

[408]. The authors suggested that that these gels could potentially be used for minimizing 

drought stress and enhancing irrigation efficiency, especially in sandy soils with low water 

retention in arid regions. Polyurethane/lignin hydrogels have been obtained by reacting acetic 

acid with lignin and isocyanate group-terminated polyurethane ionomers [409]. Those 

hydrogels possessed pH-sensitivity and showed potential as coating materials for slow-release 

fertilizers [409]. 

 
Figure 4. Reaction scheme of PEGDGE-mediated cross-linking of lignin substructures under 

alkaline conditions. Reproduced with permission from [408] 

 

 



Bentonite/sodium lignosulfonate graft-polymerized with acrylamide and maleic 

anhydride (BLPAMA) have produced hydrogels for lead removal reaching a Pb2+ adsorption 

capacity of 1.045 mmol/g at pH=5.0 [410]. Similar investigations were carried out by Xiaodong 

Zhang, et al. using lignin/clay hydrogels for dye (methylene blue) removal [411].  These 

hydrogels were prepared by grafting acrylamide and N-isopropyl acrylamide onto lignin, along 

with the incorporation of montmorillonite assisted by ultrasonication (lignin-g-p(AM-co-

NIPAM)/MMT) as it was shown in Figure 5. The adsorption data fitted well the Langmuir and 

Freundlich models, with an optimum adsorption value of 9646.92 mg/g. Other hydrogels were 

prepared starting from lignin and poly(ethylene glycol) methyl ether methacrylate 

(PEGMA)/cyclodextrin (α-CD) by atom transfer radical polymerization [412]. These hydrogels 

showed mechanically responsiveness, good rheological properties and excellent self-healing 

ability. Given their lignin biodegradable core, the hyperbranched supramolecular hydrogels are 

expected to be potentially biodegradable. Drug delivery is one of the applications for lignin 

based hydrogels as reported by Xiaohong Wang, et al [413]. Sodium lignosulphonate-grafted 

poly(acrylic acid-co-poly(vinyl pyrrolidone)) hydrogel (SLS-g-P(AA-co-PVP) was prepared 

by ultrasound-assisted synthesis. Amoxicillin was used as model drug to study the release 

properties. It was found that the release behaviour can be controlled by adjusting the pH value 

of the medium. In simulated gastric fluids (SGF) (pH around 1.2), the cumulative release rate 

was up to 51.5% in 24 h and about 32% for 2 h. But for the simulated intestinal fluids (SIF) 

(pH around 7.4), the cumulative release rate reached 84.5% in 24 h and 63.3% after digestion 

and absorption for 5 h [413]. 

 



 
Figure 5.  Schematic process of the preparation and adoption process of lignin-g-p(AM-co-

NIPAM)/MMT. Reproduced with permission from [411] 

 

Hydrogels based on soluble glycinated Kraft lignin (WS/KL) and hyaluronan (NaHy) 

were prepared [414]. The lignin was modified by a Mannich reaction in order to improve the 

water solubility of lignin.  It was found that the creep resistance and creep recovery of NaHy 

hydrogels were improved by the incorporation of WS/KL up to 3% (w/w). However, the 

swelling capacity of hydrogels was low, but the cytotoxicity tests demonstrated that the final 

hyaluronan/lignin hydrogels were non-toxic materials.  

The combination of cellulose and lignin has been also studied in order to develop hydrogels 

[415,416]. Reinforced PVA hydrogels containing lignin and cellulose nanofibrils were obtained 

and it was shown that the mechanical and rheological properties of the reinforced PVA 



hydrogels can be tuned by varying lignin and cellulose content [415]. In addition, lignin and 

cellulose can be combined in supercapacitors as it was reported by Wenbin Zhong, et al. [416]. 

They produced electrodes using SWCNTs dispersed in lignosulfonate solutions submitted to an 

autoclave hydrothermal treatment at 180°C for 12 h. Cellulose hydrogels were used as 

electrolyte mixed with NaOH solutions. The supercapacitors showed excellent electrochemical 

stability (1000 bending cycles) and specific capacitance values of 292 F/g.   

There is little doubt about the potential valorisation of lignin through its use in hydrogel 

formulations due to the large number of applications in energy storage, biomedicals and 

pharmaceutics, adsorbents and electrochemical sensors. Looking to the future it is likely that 

the deployment of lignin based hydrogels will be in conjunction with newly developed 

processing techniques such as advanced printing technologies. 

 

6.6 Other Lignin types and applications 

Lignin has been identified as a potential renewable source of biodegradable and safer 

antioxidants  and stabilisers. Substantial work has been reported to date on the identification of 

material charactersitics that are critical to tailor the antioxidant and stabilising effects of 

differing lignins [35,51,146]. It is clear that the performance of lignin strongly depends on its 

origin, extraction method and subsequent modification as described previously [417]. It is 

generally agreed that lignin acts as an antioxidant through scavenging of free radicals. For 

example, the importance of non-etherified phenolic hydroxyl groups (acting as scavengers of 

peroxyl radicals) has been demonstrated [58,418]. While it has been demonstrated that 

structural variations such as higher molecular weights and polydispersity were detrimental on 

antioxidant activity [418,419]. Radical scavenging ability also plays an important role on 

thermal stabilisation of lignin, therefore increased phenolic contents offer superior thermal 



stability in blends with other polymers [52] highlighting that thermo-oxidative stabilisation 

activity is strongly related to antioxidant activity for lignins.  

Poly-(caffeyl alcohol) (PCFA) homopolymer called C-lignin was recently discovered in the 

seed coats of Vanilla orchid (Vanilla planifolia) [420] and various cacti species [421]. Structural 

analysis reveals that the polymer is a benzodioxane chain derived entirely from caffeyl alcohol 

monomers (G units lacking the methyl group on the 3-oxygen) linked head to tail via radical 

coupling reaction. It is postulated that the homogeneity of the polymer could potentially 

improve biomass utilisation as depolymerisation of lignin to a single product can be controlled, 

as schmatically shown in figure 6 [422-424]. C-lignin extracted from Vanilla seeds has been 

successfully electrospun into fibres without any chemical pretreatment or addition of other 

polymers [425]. Following carbonisation at 900°C, carbon fibres from C-lignin had a diameter 

of about 10μm, comparable axial moduli and superior transverse moduli compared to Kraft and 

commercial CF. However despite this potential in engineering applications, its commercial 

value remains unclear as it is not available in bulk quantities from traditional biomass sources. 

Another new type of lignin, called 5H lignin,  has been identified via NMR analysis of 

Escobaria dasyacantha seeds [421]. This type of lignin is derived from polymerisation of 5-

hydroxyconiferyl alcohol (S unit lacking methyl group at position 5 of the aromatic ring).  

Thermoelectricity could be another potential application for lignin allowing the production of 

energy from temperature gradients. Thermoelectric effects have been observed in carbon 

nanofibres derived from ligin, with authors able to obtain p-type to n-type semiconducting 

behaviour with a thermoelectric power factor of 9.27 μW cm−1 K−2 [426] 

In summary, Lignin structures and yields in transgenic plants have been the focus of extensive 

research [6]. While these attempts to control the structure or yield of lignin have also provided 

important information about its biosynthetic pathways. 



 
Figure 6. Schematic representation of C-lignin and its potential for controlled 

depolymerisation. 

 

7 Concluding remarks and future developments 

 

Lignin is the most important aromatic polymer derived from renewable resources, it displays 

both a unique and complex chemical structure, is abundant in nature and does not compete with 

the food production chain. Lignin remains a subject of strong interest in industry and academia, 

as vouched by the impressive amount of data accumulated lately in the literature. Despite the 

knowledge and technical progress in terms of its valorization, much as yet to be achieved. 

Progress has been made on its role as a resource for the production of renewable fuels and 

chemicals mainly associated with recent advances reported in bioengineering, biorefining and 

catalysis. However, research on lignin as a precursor for carbon fibre at both micron and 

nanoscale is in its infancy. The future potential of lignin in medicine and healthcare, 

pharmaceutics and cosmetics, food packaging and energy is yet to be established and is sure to 

the subject of investigations in the coming years. 

Future research directions are likely to be aimed  at developing nanostructured materials 

for advanced applications (energy storage, thermoelectric devices, bio-sensors, controlled drug 

delivery, gene therapy, theranostic systems). Investigations are required to establish the 

complex interactions of these newly designed materials with living tissues, to determine 

targeting cues and to provide solution based on controlled release mechanisms, 



chemical/enzymatic degradation activity under physiological conditions need to be taliored, 

while elimination procedures  to avoid tissue accumulation and side effects must be realised..  

Once these principles are established it is likely that lignin will play a role in the development 

of 3D printing and bioprinting technologies [395 427].   

Ultimately,  the valorization of lignin will be strongly influenced by its chemical and functional 

versatility, which will demand specific approaches in terms of processing and chemical 

modifcation. The next steps in this direction will involve the understanding of 

structure/property/function relationships in these materials while offering the possibility of 

tuning the macroscopic properties of the materials through the control of the 

structure,morphology and chemistry at nano scale.  

 

 

References                                    

[1] C. Wang, S. S. Kelley, R. A. Venditti, Lignin-based thermoplastic materials, ChemSusChem 

9 (2016) 770-783. 

[2] V. K. Thakur, M. K. Thakur, P. Raghavan, M. R. Kessler, Progress in green polymer 

composites from lignin for multifunctional applications: A review, ACS Sustain. Chem. Eng. 

2 (2014) 1072-1092. 

[3] A. Duval, M. Lawoko, A review on lignin-based polymeric, micro- and nano-structured 

materials, React. Funct. Polym. 85 (2014) 78-96. 

[4] W.O.S. Doherty, P. Mousavioun, C.M. Fellows, Value-adding to cellulosic ethanol: 

Lignin polymers, Ind. Crops Prod. 33 (2011) 259-276.  

[5] M. Culebras, M.J. Sanchis, A. Beaucamp, M. Carsí, B.K. Kandola, A.R. Horrocks, G. 

Panzetti, C. Birkinshaw, M.N. Collins, Understanding the thermal and dielectric response of 

organosolv and modified kraft lignin as a carbon fibre precursor, Green Chem. 20 (2018) 

4461–4472. 

[6] R. Rinaldi, R. Jastrzebski, M. T. Clough, J. Ralph, M. Kennema, P. C. A. Bruijnincx, B. 

M. Weckhuysen, Paving the way for lignin valorisation: Recent advances in bioengineering, 

biorefining and catalysis, Angew. Chem. Int. Ed. 55 (2016) 8164-8215. 

[7] A. J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F. Chen, M. F. Davis, B. H. 

Davison, R. A. Dixon, P. Gilna, M. Keller, P. Langan, A. K. Naskar, J. N. Saddler, T. J. 

Tschaplinski, G. A. Tuskan, C. E. Wyman, Lignin valorization: Improving lignin processing 

in the biorefinery, Science 344 (2014) 1246843.  

[8] S. Constant, H. L. J. Wienk, A. E. Frissen, P. de Peinder, R. Boelens,  D. S. van Es, R. J. H. 

Grisel,  B. M. Weckhuysen,  W. J. J. Huijgen, R. J. A. Gosselink,  P. C. A. Bruijnincx, New 

insights into the structure and composition of technical lignins: a comparative characterisation 

study, Green Chem. 18 (2016) 2651-2665.  



[9] S. Beisl, A. Friedl, A. Miltner, Lignin from micro- to nanosize: Applications, Int. J. Mol. 

Sci. 18 (2017) 2367 (24 pages).  

[10] W. Boerjan, J. Ralph, M. Baucher, Lignin biosynthesis, Ann. Rev. Plant Biol. 54 (2003)  

519-546. 

[11] Q. Li, S. Xie, W.K.Serem, M.T.Naik, L. Liu, J.S.Yuan, Quality carbon fibers from 

fractionated lignin, Green Chem. 19 (2017) 1628-1634. 

[12] S. Xie, Q. Li, P. Karki, F. Zhou, J.S.Yuan, Lignin as renewable and superior asphalt binder 

modifier, ACS Sustain. Chem. Eng. 5 (2017) 2817-2823. 

[13] I. Brodin, E. Sjöholm, G. Gellerstedt, Kraft lignin as feedstock for chemical products: The 

effects of membrane filtration, Holzforschung 63(2009) 290-297. 

[14] O. Sevastyanova, M. Helander, S. Chowdhury, H. Lange, H. Wedin,  L. Zhang, M. Ek, 

J.F. Kadla, C. Crestini, M.E. Lindström, Tailoring the molecular and thermo–mechanical 

properties of kraft lignin by ultrafiltration, J. Appl. Polym. Sci. 131 (2014) 40799. 

[15] Q. Li, M.T. Naik, H.S. Lin, C. Hu, W.K. Serem, L. Liu, P. Karki, F. Zhou, J.S.Yuan, 

Tuning hydroxyl groups for quality carbon fiber of lignin, Carbon 139 (2018) 500-511. 

[16] A. P. Dodd, J. F. Kadla, S. K. Straus, Characterization of fractions obtained from two 

industrial softwood Kraft lignins. ACS Sustain. Chem. Eng. 3(1) (2015) 103-110. 

[17] R. Mörck, H. Yoshida., K. P. Kringstad, Fractionation of Kraft lignin by successive 

extraction with organic solvents I. Functional groups, 13C NMR spectra and molecular-weight 

distributions, Holzforschung 40 (1986) 51-60. 

[18] R. Mörck, A. Reimann, K. P. Kringstad, Fractionation of Kraft lignin by successive 

extraction with organic solvents. III. Fractionation of Kraft lignin from birch, Holzforschung 

42 (1988) 111-116. 

[19] H. Yoshida, R. Mörck, K. P. Kringstad, H. Hatakeyama, Fractionation of Kraft lignin by 

successive extraction with organic solvents II. Thermal properties of Kraft lignin fractions, 

Holzforschung 41 (1987) 171-176. 

[20] E.L. Lovell, H. Hibbert, Studies on lignin and related compounds. LII. New method for 

the fractionation of lignin and other polymers, J. Am. Chem. Soc. 63 (1941) 2070-2073. 

[21] V. Passoni, C. Scarica, M. Levi, S. Turri, G. Griffini, Fractionation of industrial softwood 

Kraft lignin: solvent selection as a tool for tailored material properties, ACS Sustain. Chem. 

Eng. 4 (2016) 2232-2242. 

[22] T. Saito, J.H. Perkins, F. Vautard, H.M. Meyer, J.M.Messman, B. Tolnai, A. K. Naskar, 

Methanol fractionation of softwood kraft lignin: Impact on the lignin properties, 

ChemSusChem. 7 (2014) 221-228. 

[23] C.G. Boeriu, F.I. Fiţigău, R.J.Gosselink, A.E. Frissen, J. Stoutjesdijk, F. Peter, 

Fractionation of five technical lignins by selective extraction in green solvents and 

characterisation of isolated fractions, Ind. Crops Prod. 62 (2014) 481-490. 

[24] A. Duval, F. Vilaplana, C. Crestini, M. Lawoko, Solvent screening for the fractionation of 

industrial kraft lignin, Holzforschung 70 (2016) 11-20. 

[25] S. Y. Park, J. Y. Kim, H. J. Youn, J. W. Choi, Fractionation of lignin macromolecules by 

sequential organic solvents systems and their characterization for further valuable applications, 

Int. J. Biol. Macromol. 106 (2018) 793-802. 

[26] N. Kumar, S. Vijayshankar, P. Pasupathi, S. N. Kumar, P. Elangovan, M. Rajesh, K. 

Tamilarasan, Optimal extraction, sequential fractionation and structural characterization of 

soda lignin, Res. Chem. Intermediat. 44 (2018) 5403-5417. 

[27] X. Jiang, D. Savithri, X. Du, S. Pawar, H. Jameel, H.M. Chang, X. Zhou, Fractionation 

and characterization of kraft lignin by sequential precipitation with various organic solvents, 

ACS Sustain. Chem. Eng. 5 (2016) 835-842. 



[28] C.Z. Cui, R.K. Sun, D.S. Argyropoulos, Fractional precipitation of softwood Kraft 

lignin: Isolation of narrow fractions common to a variety of lignins, ACS Sustain. Chem. Eng. 

2 (2014) 959-968. 

[29] Y.Y. Wang, M. Li, C.E. Wyman, C.M. Cai, A.J. Ragauskas, Fast fractionation of 

technical lignins by organic cosolvents, ACS Sustain. Chem. Eng. 6 (2018) 6064-6072. 

[30] H. Sadeghifar, T. Wells, R. Khuu Le, F. Sadeghifar, J.S. Yuan, A.J. Ragauskas, 

Fractionation of organosolv lignin using acetone:water and properties of the obtained 

fractions. ACS Sustain. Chem. Eng. 5 (2017) 580-587. 

[31] A.-S. Jääskeläinen, T. Liitiä, A. Mikkelson, T. Tamminen, Aqueous organic solvent 

fractionation as means to improve lignin homogeneity and purity, Ind. Crops  Prod. 103 

(2017) 51-58. 

[32] J. Domínguez-Robles, T. Tamminen, T. Liitiä, M. S. Peresin, A. Rodríguez, A.-S. 

Jääskeläinen, acetone fractionation of kraft, organosolv and soda lignins, Int. J. Biol. 

Macromol, 106 (2018)  979-987. 

[33] A. Arshanitsa, J. Ponomarenko, T. Dizhbite, A. Andersone, R. J. A. Gosselink, J. der 

Putten, M. Lauberts, G. Telysheva, Fractionation of technical lignins as a tool for 

improvement of their antioxidant properties, J. Anal. Appl. Pyrol. 103 (2013) 78-85. 

[34] G. Wang, Y. Xia, B. Liang, W. Sui, C. Si, Successive ethanol-water fractionation of 

enzymatic hydrolysis lignin to concentrate its antimicrobial activity, J. Chem. Technol. 

Biotechnol.  93 (2018) 2977-2987. 

[35] J. L. Espinoza-Acosta, P. I. Torres-Chávez, B. Ramírez-Wong, C. M. López-Saiz, B. 

Montaño-Leyva, Antioxidant, antimicrobial, and antimutagenic properties of technical lignins 

and their applications, BioResources 11 (2016) 5452-5481.  

[36] D. S. Argyropoulos, H. Sadeghifar, C. Cui, S. Sen, Synthesis and characterization of 

poly(arylene ether sulfone) kraft lignin heat stable copolymers, ACS Sustain. Chem. Eng.  2 

(2014) 264-271. 

[37] H. Sadeghifar, D.S. Argyropoulos, Macroscopic behavior of kraft lignin fractions: melt 

stability considerations for lignin–polyethylene blends, ACS Sustain. Chem. Eng. 4 (2016) 

5160-5166. 

[38] A. Gregorova, V. Sedlarik, Characterization of structural and physical properties of 

dichloromethane- and methanol-fractionated Kraft lignin and its adsorption capacity of Cu (II) 

and Ni (II) ions, Desalin. Water Treat. 57(23) (2016) 10655-10663.  

[39] S.Y. Li, Z. Li, Y. Zhang, C. Liu, G. Yu, B. Li, X. Mu, H. Peng, Preparation of concrete 

water reducer via fractionation and modification of lignin extracted from pine wood by formic 

acid, ACS Sustain. Chem. Eng. 5(5) (2017) 4214-4222. 

[40] Q. Li, W. K. Serem, W. Dai,  Y. Yue, M. T. Naik, S. Xie, P. Karki, L. Liu,  H.-J. Sue, H. 

Liang, F. Zhou, J. S. Yuan, Molecular weight and uniformity define the mechanical 

performance of lignin-based carbon fiber, J. Mater. Chem. A, 5 (2017) 12740-12746. 

[41] J.-Y. Kim, S. Y. Park, J. H. Lee, I.-G. Choi, J. W. Choi, Sequential solvent fractionation 

of lignin for selective production of monoaromatics by Ru catalyzed ethanolysis. RSC Adv. 

7(84) (2017) 53117-53125. 

[42] E. Perez, C. O. Tuck, M. Poliakoff, Valorisation of lignin by depolymerisation and 

fractionation using supercritical fluids and conventional solvents, J. Supercrit. Fluids 133 

(2018) 690-695. 

[43] A. Sakakibara, A structural model of softwood lignin, Wood Sci. Technol. 14 (1980) 89-

100.  

[44] H. Nimz, Beech lignin—Proposal of a constitutional scheme, Angew. Chem. Int. Ed. 13 

(1974) 313-321. 

https://pubs.acs.org/author/Sadeghifar%2C+Hasan
https://pubs.acs.org/author/Wells%2C+Tyrone
https://pubs.acs.org/author/le%2C+Rosemary+Khuu
https://pubs.acs.org/author/Sadeghifar%2C+Fatemeh
https://pubs.acs.org/author/Yuan%2C+Joshua+S
https://pubs.acs.org/author/Jonas+Ragauskas%2C+Arthur
https://www.sciencedirect.com/science/article/pii/S0165237012002860#!
https://www.sciencedirect.com/science/article/pii/S0165237012002860#!
https://www.sciencedirect.com/science/article/pii/S0165237012002860#!
https://www.sciencedirect.com/science/article/pii/S0165237012002860#!
https://pubs.acs.org/author/Argyropoulos%2C+Dimitris+S
https://pubs.acs.org/author/Sadeghifar%2C+Hasan
https://pubs.acs.org/author/Cui%2C+Chengzhong
https://pubs.acs.org/author/Sen%2C+Sanghamitra


[45] S. Kubo, J. F. Kadla, Hydrogen bonding in lignin: A Fourier transform infrared model 

compound study, Biomacromolecules 6 (2005a) 2815–2821. 

[46] S. Sen, S. Patil, D. S. Argyropoulos, Thermal properties of lignin in copolymers, blends, 

and composites: A review, Green Chem. 17 (2015) 4862–4887.  

[47] J. F. Kadla, S. Kubo, Lignin-based polymer blends: analysis of intermolecular 

interactions in lignin–synthetic polymer blends, Compos. Part A 35 (2004) 395-400.  

[48] C. Pouteau, S. Baumberger, B. Cathala, P. Dole, Lignin–polymer blends: evaluation of 

compatibility by image analysis, C. R. Biol. 327 (2004) 935–943.  

[49] S. Laurichesse, L. Averous, Chemical modification of lignins: Towards biobased 

polymers, Prog. Polym. Sci. 39 (2014) 1266-1290.  

[50] C. Cui, H. Sadeghifar, S. Sen, D. Argyropoulos, Toward thermoplastic lignin polymers; 

Part II: Thermal & polymer characteristics of kraft lignin & derivatives, Bioresources 8 

(2013) 864–886. 

[51] A. Gregorova, Z. Cibulkova, B. Kosikova, P. Simon, Stabilization effect of lignin in 

polypropylene and recycled polypropylene, Polym. Degrad. Stab. 89 (2005) 553-558. 

[52] A. S. Kabir, Z. Yuan, T. Kuboki, C. (Charles) Xu, De-polymerization of industrial 

lignins to improve the thermo-oxidative stability of polyolefins, Ind. Crops Prod. 120 (2018) 

238-249. 

[53] A. S. Kabir, Effects of lignin as a stabilizer or antioxidant in polyolefins, Electronic 

Thesis and Dissertation Repository The University of Western Ontario, Canada (2017) 

http://ir.lib.uwo.ca/etd/4796 (accessed September 4, 2018). 

[54] Z. Sun, B. Fridrich, A. de Santi, S. Elangovan, K. Barta, Bright side of lignin 

depolymerization: toward new platform chemicals, Chem. Rev. 118 (2018) 614–678. 

[55] W. Schutyser, T. Renders, S. Van den Bosch, S.-F. Koelewijn, G. T. Beckham,  B. F. 

Sels, Chemicals from lignin: an interplay of lignocellulose fractionation, depolymerisation, 

and upgrading, Chem. Soc. Rev. 47 (2018) 852-908.  

[56] C. Xu, R. Arneil, D. Arancon, J. Labidi, R. Luque, Lignin depolymerisation strategies: 

towards valuable chemicals and fuels, Chem. Soc. Rev. 43 (2014) 7485–7500.  

[57] L. Dehne, C. V. Babarro, B. Saake, K. U. Schwarz, Influence of lignin source and 

esterification on properties of lignin-polyethylene blends, Ind. Crops Prod. 86 (2016) 320–

328. 

[58] H. Sadeghifar, D.S. Argyropoulos, Correlations of the antioxidant properties of softwood 

kraft lignin fractions with the thermal stability of its blends with polyethylene, ACS Sustain. 

Chem. Eng. 3 (2015) 349–356. 

[59] P. Alexy, B. Kosikova, G. Crkonova, A. Gregorova, P. Martis, Modification of lignin-

polyethylene blends with high lignin content using ethylene-vinylacetate copolymer as 

modifier, J. Appl. Polym. Sci. 94 (2004) 1855–1860.  

[60] R. R. N. Sailaja, M.V. Deepthi, Mechanical and thermal properties of compatibilized 

composites of polyethylene and esterified lignin, Mater. Des. 31 (2010) 4369–4379.  

[61] P. Alexy, B. Košı́ková, G.Podstránska, The effect of blending lignin with polyethylene 

and polypropylene on physical properties, Polymer 41(2000) 4901–4908.  

[62] D. Ye, J. Kong, S. Gu, Y. Zhou, C. Huang, W. Xu, X. Zhang, Selective aminolysis of 

acetylated lignin: Toward simultaneously improving thermal-oxidative stability and 

maintaining mechanical properties of polypropylene, Int. J. Biol. Macromol. 108 (2018) 775-

781.  

[63] I. Blanco, G. Cicala, A. Latteri, G. Saccullo, A. M. M. El-Sabbagh, G. Ziegmann, 

Thermal characterization of a series of lignin-based polypropylene blends, J. Therm. Anal. 

Calorim. 27 (2017) 147-153.  

https://www.sciencedirect.com/science/article/pii/S1359835X03002987#!
https://www.sciencedirect.com/science/article/pii/S0032386199007144#!
https://www.sciencedirect.com/science/article/pii/S0032386199007144#!
https://www.sciencedirect.com/science/article/pii/S0032386199007144#!
https://www.sciencedirect.com/science/article/pii/S014181301733489X#!
https://www.sciencedirect.com/science/article/pii/S014181301733489X#!


[64] A. V. Maldhure, J. D Ekhe, Effect of modifications of lignin on thermal, structural, and 

mechanical properties of polypropylene/modified lignin blends, J. Thermoplast. Compos. 

Mat. 30 (2017) 625-645.  

[65] F. Chen, H. Dai, X. Dong, J. Yang, M. Zhong, Physical properties of lignin-based 

polypropylene blends, Polym. Compos. 32 (2011) 1019-1025. 

[66] S. Kubo, J. F. Kadla. Lignin-based carbon fibers: effect of synthetic polymer blending on 

fiber properties. J. Polym. Environ. 13 (2005b) 97–105.  

[67] B. Bozsódi, V. Romhányi, P. Pataki, D. Kun, K. Renner, B. Pukánszky, Modification of 

interactions in polypropylene/lignosulfonate blends, Mater. Des. 103 (2016) 32-39.  

[68] D. Ye, S. Li, X. Lu, X. Zhang, O. J. Rojas, Antioxidant and thermal stabilization of 

polypropylene by addition of butylated lignin at low loadings, ACS Sustain. Chem. 

Eng. 4 (2016) 5248-5257.  

[69] A. V. Maldhure, A. R. Chaudhari, J. D. Ekhe, Thermal and structural studies of 

polypropylene blended with esterified industrial waste lignin, J. Therm. Anal. Calorim. 103 

(2011) 625-632.  

[70] G. Cazacu, M. Mihaies, M. C. Pascu, L. Profire, A. L. Kowarskik, C. Vasile, 

Polyolefin/lignosulfonate blends, 9 functionalized polyolefin/lignin blends, Macromol. Mater. 

Eng. 289 (2004) 880-889.  

[71] B. Benjelloun-Mlayah, M. Delmas, Use of a lignin for the mechanical reinforcement of 

elastomers, and elastomer thus strengthened, WO2014012924A (2014). 

[72] B. Košíková, A. Gregorová, Sulfur‐free lignin as reinforcing component of styrene–

butadiene rubber, J. Appl. Polym. Sci. 97 (2005) 924-929.  

[73] X. Liu, J. Wang, J. Yu, M. Zhang, C. Wang, Y. Xu, F. Chu, Preparation and 

characterization of lignin based macromonomer and its copolymers with butyl methacrylate, 

Int. J. Biol. Macromol. 60 (2013) 309-315. 

[74] M. F. Silva, E. A. G. Pineda, A. A. W. Hechenleitner, D. M. Fernandes, M. K. Lima, 

P. R. S. Bittencourt,  Characterization of poly(vinyl acetate)/sugar cane bagasse lignin 

blends and their photochemical degradation, J. Therm. Anal. Calorim. 106  (2011) 407-413.  

[75] D. Feldman, Lignin and its polyblends - A review, in: T. Q. Hu  (Ed.), Chemical 

modification, properties, and usage of lignin. Kluwer Academic/Plenum Publishers, New 

York, 2002, pp. 81-99.  

[76] D. Feldman, D. Banu, Contribution to the study of rigid PVC polyblends with different 

Iignins,  J. Appl. Polym. Sci. 66 (1997) 1731-1744. 

[77] D. Feldman, D. Banu, J. Lora and S. EI-Raghi, Rigid poly(vinyl chloride) - organosolv 

lignin blends for applications in building, J. Appl. Polym. Sci. 61 (1996) 2119-2128. 

[78] D. Feldman, D. Banu, S. EI-Raghi, Poly(vinyl chloride) - lignin blends for outdoor 

application in building, J. Macromol. Sci. Pure Appl. Chem. A 31 (1994) 555-571.  

[79] D. M. Fernandes,  A. A. W. Hechenleitner, A. E. Job, E. Radovanocic, E. A. G. Pineda, 

Thermal and photochemical stability of poly(vinyl alcohol)/modified lignin blends, Polym. 

Degrad. Stab. 91 (2006) 1192–1201.  

[80] S. Kubo, J. F. Kadla, The formation of strong intermolecular interactions in immiscible 

blends of poly(vinyl alcohol) (PVA) and lignin, Biomacromolecules 4 (2003) 561–567.  

[81] E. Zong, X. Liu, L. Liu, J. Wang, P. Song, Z. Ma, J. Ding, S. Fu, Graft polymerization of 

acrylic monomers onto lignin with CaCl2-H2O2 as initiator: Preparation, mechanism, 

characterization, and application in poly(lactic acid), ACS Sustain. Chem. Eng. 6 (2018) 337-

348.  

[82] O. Gordobil, R. Delucis, I. Egüés, J. Labidi, Kraft lignin as filler in PLA to improve 

ductility and thermal properties, Ind. Crops Prod. 72 (2015) 46-53.  

https://onlinelibrary.wiley.com/toc/10974628/2005/97/3
https://www.sciencedirect.com/science/article/pii/S0926669015000576#!
https://www.sciencedirect.com/science/article/pii/S0926669015000576#!
https://www.sciencedirect.com/science/article/pii/S0926669015000576#!
https://www.sciencedirect.com/science/article/pii/S0926669015000576#!


[83] R. Liu, L. Dai, L.-Q. Hu, W.-Q. Zhou, C.-L. Si, Fabrication of high-performance poly(L-

lactic acid)/lignin-graft-poly(D-lactic acid) stereocomplex films, Mater. Sci. Eng. C 80 (2017) 

397-403.  

[84] O. Gordobil, I. Egüés, R. Llano-Ponte, J. Labidi, Physicochemical properties of PLA 

lignin blends, Polym. Degrad. Stab. 108 (2014) 330-338.  

[85] M. Thunga, K. Chen, D. Grewell, M. R. Kessler, Bio-renewable precursor fibers from 

lignin/polylactide blends for conversion to carbon fibers, Carbon 68 (2014) 159-166. 

[86] R. A. Pérez-Camargo,  G. Saenz, S. Laurichesse, M. T. Casas,  J. Puiggalí,   L. Avérous,  

A. J. Müller, Nucleation, crystallization, and thermal fractionation of poly (ε‐caprolactone)‐
grafted‐lignin: Effects of grafted chains length and lignin content,  J. Polym. Sci. Part B: 

Polym. Phys. 53 (2015) 1736–1750.  

[87] R. Pucciariello, M. D'Auria, V. Villani, G. Shulga, Lignin/poly(ε-caprolactone) blends 

with tuneable mechanical properties prepared by high energy ball-milling, J. Polym. Environ. 

18 (2010) 326-334.  

[88] R. Pucciariello, C. Bonin, M. D'Auria , V. Villani, G. Giammarino, G. Gorrasi, Polymer 

blends of steam‐explosion lignin and poly(ε‐caprolactone) by high‐energy ball milling, J. 

Appl. Polym. Sci. 109 (2008) 309-313.  

[89] J. Li, Y. He, Y. Inoue, Study on thermal and mechanical properties of biodegradable 

blends of poly(ε-caprolactone) and lignin, Polym. J. 33 (2001) 336-343.  

[90] P. Mousavioun, P. J. Halley, W. O. S. Doherty, Thermophysical properties and rheology 

of PHB/lignin blends, Ind. Crops Prod. 50 (2013) 270–275.  

[91] P. Mousavioun, G. A. George, W. O. S. Doherty, Environmental degradation of 

lignin/poly(hydroxybutyrate) blends, Polym. Degrad. Stab. 97 (2012) 1114-1122.  

[92] P. Mousavioun, W. O. S. Doherty, G. George, Thermal stability and miscibility of poly 

(hydroxybutyrate) and soda lignin blends, Ind. Crops Prod. 32 (2010) 656-661.  

[93] K. Weihua, Y. He, N. Asakawa, Y. Inoue, Effect of lignin particles as a nucleating agent 

on crystallization of poly(3-hydroxybutyrate), J. Appl. Polym. Sci. 94 (2004) 2466-2474.  

[94] N. Lin, D. Fan, P. R. Chang, J. Yu, X. Cheng, J. Huang, Structure and properties of 

poly(butylene succinate) filled with lignin: A case of lignosulfonate, J. Appl. Polym. Sci. 121 

(2011) 1717-1724.  

[95] D.  Fan, P. R. Chang, N. Lin, J. H. Yu, J. Huang, Structure and properties of alkaline 

lignin-filled poly (butylene succinate) plastics, Iran. Polym. J. 20 (2011) 3-14.  

[96] S. Kubo, J. F. Kadla, Kraft lignin/poly(ethylene oxide) blends: effect of lignin structure 

on miscibility and hydrogen bonding, J. Appl. Polym. Sci. 98 (2005c) 1437–1444.  

[97] S. Kubo, J. F. Kadla, Poly(ethylene oxide)/organosolv lignin blends:  Relationship 

between thermal properties, chemical structure, and blend behavior, Macromolecules 37 

(2004) 6904–6911.  

[98] M. Culebras, A. Beaucamp, Y. Wang, M. M. Clauss, E. Frank, M. N. Collins, Biobased 

structurally compatible polymer blends based on lignin and thermoplastic elastomer 

polyurethane as carbon fiber precursors, ACS Sustain. Chem. Eng. 6 (2018) 8816–8825. 

[99] D. Feldman, M. A. Lacasse, Polymer-filler interaction in polyurethane kraft lignin 

polyblends, J. Appl. Polym. Sci. 51 (1994) 701-709.   

[100] Y. Teramoto, S.‐H. Lee, T. Endo, Molecular composite of lignin: Miscibility and 

complex formation of organosolv lignin and its acetates with synthetic polymers containing 

vinyl pyrrolidone and/or vinyl acetate units, J. Appl. Polym. Sci. 125 (2012) 2063-2070.  

[101] M. F. Silva, C. A. da Silva, F. C. Fogo, E. A. G. Pineda, A. A. W. Hechenleitner, 

Thermal and FTIR study of polyvinylpyrrolidone/lignin blends, J. Therm. Anal. Calorim. 79 

(2005) 367–370. 

[102] M. Özgür Seydibeyoğlu, A novel partially biobased PAN-lignin blend as a potential 

carbon fiber precursor, J. Biomed. Biotechnol. (2012). 598324. 

https://www.sciencedirect.com/science/article/pii/S0928493117315497#!
https://www.sciencedirect.com/science/article/pii/S0928493117315497#!
https://www.sciencedirect.com/science/article/pii/S0928493117315497#!
https://www.sciencedirect.com/science/article/pii/S0928493117315497#!
https://www.sciencedirect.com/science/article/pii/S0928493117315497#!
https://onlinelibrary.wiley.com/toc/10974628/2012/125/3


[103] N. Sallem‐Idrissi, M. Sclavons, D. P Debecker, J. Devaux, Miscible raw lignin/nylon 6 

blends: Thermal and mechanical performances, J. Appl. Polym. Sci. 133 (2016) 42963. 

[104] H. Nitz,  H. Semke,  R. Mulhaupt, Influence of lignin type on the mechanical properties 

of lignin based compounds, Macromol Mater. Eng. 286 (2001) 737-743.  

[105] P. C. Rodrigues, M. P. Cantao, P. Janissek, P. C.N. Scarpa, A. L. Mathias, L. P. Ramos, 

M.A.B. Gomes, Polyaniline/lignin blends: FTIR, MEV and electrochemical characterization, 

Eur. Polym. J. 38 (2002) 2213-2217. 

[106] G. Szabó, V. Rományi, D. Kun, K. Renner, B. Pukánszky, Competitive interactions in 

aromatic polymer/lignosulfonate blends, ACS Sustain. Chem. Eng. 5 (2017) 410-419. 

[107] M. R. Barzegari, A. Alemdar, Y. Zhang, D. Rodrigue, Mechanical and rheological 

behavior of highly filled polystyrene with lignin, Polym. Compos. 33 (2012) 353-361. 

[108] C. Liu, C. Xiao, H. Liang, Properties and structure of PVP–lignin “blend films”, J. 

Appl. Polym. Sci. 95 (2005) 1405-1411.  

[109] G. Sivasankarapillai, A. G. McDonald, Synthesis and properties of lignin-highly 

branched poly(ester-amine) polymeric systems, Biomass Bionerg. 35 (2011) 919-931.  

[110] Q. Xing, D. Ruch, P. Dubois, L. Wu, W.-J. Wang, Biodegradable and high-performance 

poly(butylene adipate – co - terephthalate)–lignin UV-blocking films, ACS Sustain. Chem. 

Eng. 5 (2017) 10342-10351.  

[111] S. Luo, J. Cao, A. G. McDonald, Interfacial improvements in a green biopolymer alloy 

of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and lignin via in situ reactive extrusion, 

ACS Sustain. Chem. Eng.  4 (2016) 3465-3476.  

[112] F. A. Camargo, L. H. Innocentini-Mei, A. P. Lemes, S. G. Moraes, N. Duran, 

Processing and characterization of composites of poly(3-hydroxybutyrate-co-

hydroxyvalerate) and lignin from sugar cane bagasse, J. Compos. Mater. 46 (2012) 417-425.  

[113] Y. Sakunkittiyut, T. Kunanopparat, P. Menut, S. Siriwattanayotin, Effect of kraft lignin 

on protein aggregation, functional, and rheological properties of fish protein‐based material, J. 

Appl. Polym. Sci. 127 (2013) 1703-1710.  

[114] T. Kunanopparat, P. Menut, M. H. Morel, S. Guilbert, Improving wheat gluten 

materials properties by kraft lignin addition, J. Appl. Polym. Sci. 125 (2012) 1391-1399.  

[115] M. Wei, L. Fan, J. Huang, Y. Chen, Role of star-like hydroxylpropyl lignin in soy 

protein plastics, Macromol. Mater. Eng. 291 (2006) 524-530. 

[116] K. Kaewtatip, J. Thongmee, Effect of kraft lignin and esterified lignin on the properties 

of thermoplastic starch, Mater. Des. 49 (2013) 701-704. 

[117] C.-A. Teacă, R. Bodîrlău, Multi-component polymer composite/nanocomposite systems 

using polymer matrices from sustainable renewable sources, in: V. K. Thakur, M. K. Thakur 

(Eds.), Eco-friendly polymer nano-composites: Processing and properties, Springer, India, 

2015, pp. 469-494.  

[118] C.-A. Teacă, R. Bodîrlău, D. Roşu, L. Roşu, C.-D. Varganici, Multicomponent bio-

based polymer systems comprising starch and wood polymers - structure and thermal 

behavior, J. Biobased Mater Bioenergy 8 (2014) 253-260.  

[119] R. Bodîrlău, C.-A. Teacă, I. Spiridon, Influence of natural fillers on the properties of 

starch-based biocomposite films, Compos. Part B 44 (2013) 575–583. 

[120] S. Lepifre, M. Froment, F. Cazaux, S. Houot, D. Lourdin, X. Coqueret, C. Lapierre, S. 

Baumberger, Lignin incorporation combined with electron-beam irradiation improves the 

surface water resistance of starch films, Biomacromolecules 5 (2004) 1678–1686. 

[121] M. Pishnamazi, S. Casilagan, C. Clancy, S. Shirazian, J. Iqbal, D. Egan, C. Edlin, D. 

M.Croker, G. M. Walker, M. N. Collins, Microcrystalline cellulose, lactose and lignin blends: 

Process mapping of dry granulation via roll compaction, Powder Technol. Available online 3 

July 2018 (https://doi.org/10.1016/j.powtec.2018.07.003). 

https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!
https://www.sciencedirect.com/science/article/pii/S0032591018304923#!


[122] S. Vincent, R. Prado, O. Kuzmina, K. Potter, J. Bhardwaj, N. D. Wanasekara, R. L. 

Harniman,  A. Koutsomitopoulou, S. J. Eichhorn, T. Welton,  S. S. Rahatekar, Regenerated 

cellulose and willow lignin blends as potential renewable precursors for carbon fibers, ACS 

Sustain. Chem. Eng, 6 (2018) 5903–5910. 

[123] Y. Ma, S. Asaadi, L.‐S. Johansson, P. Ahvenainen, M. Reza, M. Alekhina, L. Rautkari, 

A. Michud, L. Hauru,  M. Hummel,  H. Sixta, High‐strength composite fibers from cellulose–

lignin blends regenerated from ionic liquid solution, ChemSusChem 8 (2015) 4030-4039.  

[124] A. B. Albadarin, M. N. Collins, M. Naushad, S. Shirazian, G. Walker, C. Mangwandi, 

Activated lignin–chitosan extruded blends for efficient adsorption of methylene blue, Chem. 

Eng. J. 307 (2017) 264-272. 

[125] M. Schreiber, S. Vivekanandhan, P. Cooke, A. K. Mohanty, M. Misra, Electrospun 

green fibres from lignin and chitosan: a novel polycomplexation process for the production 

of lignin-based fibres, J. Mater. Sci. 49 (2014) 7949-7958.  

[126] K. R. Aadil, A. Barapatre, H. Jha, Synthesis and characterization of Acacia lignin-

gelatin film for its possible application in food packaging, Bioresour. Bioprocess. 3 (2016) 27.  

[127] R. Núñez-Flores, B. Giménez, F. Fernández-Martín, M.E. López-Caballero, M.P. 

Montero, M.C. Gómez-Guillén, Physical and functional characterization of active fish gelatin 

films incorporated with lignin, Food Hydrocoll. 30 (2013) 163-172. 

[128] R. Núñez-Flores, B. Giménez, F. Fernández-Martín, M.E. López-Caballero, M.P. 

Montero, M.C. Gómez-Guillén, Role of lignosulphonate in properties of fish gelatin films, 

Food Hydrocoll. 27 (2012) 60-71. 

[129] S. Livi, V. Bugatti, M. Marechal, B. G. Soares, G. M. O. Barra, J. Duchet-Rumeau, J.-F. 

Gérard, Ionic liquids–lignin combination: an innovative way to improve mechanical behaviour and 

water vapour permeability of eco-designed biodegradable polymer blends, RSC Adv. 5 (2015) 

1989-1998.  

[130] B. Podolyák, D. Kun, K. Renner, B. Pukánszky, Hydrogen bonding interactions in 

poly(ethylene-co-vinyl alcohol)/lignin blends, Int. J. Biol. Macromol. 107 (2018) 1203-1211. 

[131] G. Szabó, V. Rományi, D. Kun, K. Renner, B. Pukánszky, Competitive interactions in 

aromatic polymer/lignosulfonate blends, ACS Sustain. Chem. Eng. 5 (2017) 410-419. 

[132] M. Wang, M. Leitch, C. Xu, Synthesis of phenol–formaldehyde resol resins using 

organosolv pine lignins, Eur. Polym. J. 45 (2009) 3380-3388. 

[133] N. Tachon, B. Benjelloun-Mlayah, M. Delmas, Organosolv wheat straw lignin as a 

phenol substitute for green phenolic resins, BioResources 11 (2016) 5797-5815. 

[134] A. Lee, Y. Deng, Green polyurethane from lignin and soybean oil through 

nonisocyanate reactions, Eur. Polym. J. 63 (2015) 67-73.  

[135] J. Bernardini, P. Cinelli, I. Anguillesi, M-B. Coltelli, A. Lazzeri, Flexible polyurethane 

foams green production employing lignin or oxypropylated lignin, Eur. Polym. J., 64 (2015) 

147-156.  

[136] Z. Jia, C. Lu, P. Zhou, L. Wang, Preparation and characterization of high boiling 

solvent lignin-based polyurethane film with lignin as the only hydroxyl group provider, RSC 

Adv. 5 (2015) 53949–53955. 

[137] C. Mu, L. Xue, J. Zhu, M. Jiang, Z. Zhou, Mechanical and thermal properties of 

toughened poly(L-lactic) acid and lignin blends, BioResources 9 (2014) 5557-5566.  

[138] M. Zhou, W. Wang, D. Yang, X. Qiu, Preparation of a new lignin-based 

anionic/cationic surfactant and its solution behavior, RSC Adv. 5 (2015) 2441-2448. 

[139] C. Gupta, N. R. Washburn, Polymer-grafted lignin surfactants prepared via reversible 

addition–fragmentation chain-transfer polymerization, Langmuir 30 (2014) 9303-9312. 

[140] B.W. Zhou, C.Y. Ha, L.L. Deng, J. Q. Mo, C. N. Sun, M. M. Shen, Preparation of 

surfactant with the aid of ultrasonic treatment via alkylation of sodium lignosulfonate, Acta 

Polym. Sin. 11 (2013) 1363-1368. 



[141] H. Homma, S. Kubo, T. Yamada, Y. Matsushita, Y. Uraki, Preparation and 

characterization of amphiphilic lignin derivatives as surfactants, J. Wood Chem. Technol. 28 

(2008) 270-282. 

[142] Y. Qian, X. Zhong, Y. Li, X. Qiu, Fabrication of uniform lignin colloidal spheres for 

developing natural broad-spectrum sunscreens with high sun protection factor, Ind. Crops 

Prod. 101 (2017) 54-60. 

[143] Y. Qian, X. Qiu, S. Zhu, Sunscreen performance of lignin from different technical 

resources and their general synergistic effect with synthetic sunscreens, ACS Sustain. Chem. 

Eng. 4 (2016) 4029-4035. 

[144] S.R. Yearla, K. Padmasree, Preparation and characterisation of lignin nanoparticles: 

Evaluation of their potential as antioxidants and UV protectants, J. Exp. Nanosci. 11 (2016) 

289-302.  

[145] Y. Qian, X. Qiu, S. Zhu, Lignin: A nature-inspired sun blocker for broad-spectrum 

sunscreens, Green Chem. 17 (2015) 320-324. 

[146] D. Barana, S. D. Ali, A. Salanti, M. Orlandi, L. Castellani, T. Hanel, L. Zoia, Influence 

of lignin features on thermal stability and mechanical properties of natural rubber compounds, 

ACS Sustain. Chem. Eng. 4 (2016) 5258-5267. 

[147] L. Liu M. Qian, P. Song, G. Huang, Y. Yu, S. Fu, Fabrication of green lignin-based 

flame retardants for enhancing the thermal and fire retardancy properties of 

polypropylene/wood composites, ACS Sustain. Chem. Eng. 4 (2016) 2422-2431.  

[148] L. Liu, G, Huang, P. Song, Y. Yu, S. Fu, Converting industrial alkali lignin to biobased 

functional additives for improving fire behavior and smoke suppression of polybutylene 

succinate, ACS Sustain. Chem. Eng. 4 (2016) 4732-4742.  

[149] G. P. Mendis, M. Dietenberger, S. G. Weiss, J. P. Youngblood, J. A. Howarter, M. 

Korey, C. R. Boardman, Phosphorylated lignin as a halogen-free flame retardant additive for 

epoxy composites, Green Mater. (2016) 1-10. 

[150] L. Ferry, G. Dorez, A. Taguet, B. Otazaghine, J.M. Lopez-Cuesta, Chemical 

modification of lignin by phosphorus molecules to improve the fire behavior of polybutylene 

succinate, Polym. Degrad. Stab. 113 (2015) 135-143. 

[151] J. Zhang, E. Fleury, Y. Chen, M.A. Brook, Flame retardant lignin-based silicone 

composites, RSC Adv. 5  (2015) 103907-103914.  

[152] Y. Yu, S. Fu, P. Song, Y. Jiewan, et al., Functionalized lignin by grafting phosphorus-

nitrogen improves the thermal stability and flame retardancy of polypropylene, Polym. 

Degrad. Stab. 97 (2012) 541-546. 

[153] A. Guilhen, R. Gadioli, F. C. Fernandes, W. R. Waldman, M. Aurelio De Paoli, High‐
density green polyethylene biocomposite reinforced with cellulose fibers and using lignin as 

antioxidant, J. Appl. Polym. Sci. 134 (2017) 45219. 

[154] D. Spasojević, D. Zmejkoski, J. Glamočlija, M. Nikolić, M. Soković, V. Milošević, I. 

Jarić, M. Stojanović,  E. Marinković, T. Barisani-Asenbauer, R. Prodanović, M.Jovanović, K. 

Radotić, Lignin model compound in alginate hydrogel: a strong antimicrobial agent with high 

potential in wound treatment, Int. J. Antimicrob. Agents 48 (2016) 732-735. 

[155] S. Erakovic, A. Jankovic, G. C. P. Tsui, C.-Y. Tang, V. Miskovic-Stankovic, T. 

Stevanovic, Novel bioactive antimicrobial lignin containing coatings on titanium obtained by 

electrophoretic deposition, Int. J. Mol. Sci., 15 (2014) 12294-12322. 

[156]  Z. Peng, Y. Zou, S. Xu, W. Zhong, W. Yang,  High-performance biomass-based 

flexible solid-state supercapacitor constructed of pressure-sensitive lignin-based and cellulose 

hydrogels, ACS Appl. Mater. Interfaces 10 (2018) 22190-22200. 

[157]  H. C. Ho,  N. A. Nguyen,  K. M. Meek, D. M. Alonso, S. H. Hakim,  A. K. Naskar, A 

solvent-free synthesis of lignin-derived renewable carbon with tunable porosity for 

supercapacitor electrodes, ChemSusChem. 11 (2018) 2953-2959. 

https://www.sciencedirect.com/science/article/pii/S0924857916302679#!
https://www.sciencedirect.com/science/article/pii/S0924857916302679#!
https://www.sciencedirect.com/science/article/pii/S0924857916302679#!
https://www.sciencedirect.com/science/article/pii/S0924857916302679#!
https://www.sciencedirect.com/science/article/pii/S0924857916302679#!
https://www.sciencedirect.com/science/article/pii/S0924857916302679#!


[158]  S. Hu, Y.-L. Hsieh, Lignin derived activated carbon particulates as an electric 

supercapacitor: carbonization and activation on porous structures and microstructures, RSC 

Adv. 7 (2017) 30459-30468. 

[159] S. Hu, S. Zhang, N. Pan, Y.-L. Hsieh, High energy density supercapacitors from lignin 

derived submicron activated carbon fibers in aqueous electrolytes, J. Power Sources 270 

(2014) 106-112. 

[160]  W. Farhat, R. Venditti, N. Mignard, M. Taha, F. Becquart, A. Ayoub, Polysaccharides 

and lignin based hydrogels with potential pharmaceutical use as a drug delivery system 

produced by a reactive extrusion process, Int. J. Biol. Macromol. 104 (2017) 564-575. 

[161] H. Mainka, O. Täger, E. Körner, L. Hilfert, S. Busse, F. T. Edelmann, A. S. Herrmann, 

Lignin – an alternative precursor for sustainable and cost-effective automotive carbon fiber, J. 

Mater. Res. Technol. 4 (2015) 283-296. 

[162] M. Norgren, H. Edlund, Lignin: Recent advances and emerging applications, Curr. 

Opin. Colloid Interface Sci. 19 (2014) 409-416. 

[163] Y. Li, S. Sarkanen, Thermoplastics with very high lignin contents, in: W. G. Glasser, R. 

A. Northey, T. P. Schultz (Eds.),  Lignin: Historical, Biological, and Materials Perspectives, 

ACS Symposium Series, vol. 742, American Chemical Society, Washington, DC, 1999, pp. 

351-366. 

[164] J. S. Lupoi, S. Singh, R. Parthasarathi, B.A. Simmons, R.J. Henry, Recent innovations 

in analytical methods for the qualitative and quantitative assessment of lignin,  Renew. Sust. 

Energ. Rev. 49 (2015) 871-906. 

[165] D. Kun, B. Pukánszky, Polymer/lignin blends: Interactions, properties, 

applications, Eur. Polym. J. 93 (2017) 618-641. 

[166] X. Wang, J. Zhao, Encapsulation of the herbicide picloram by using polyelectrolyte 

biopolymers as layer-by-layer materials, J. Agric. Food. Chem. 61 (2013) 3789-3796.  

[167] D. Stewart, Lignin as a base material for materials applications: Chemistry, application 

and economics, Ind. Crops Prod. 27 (2008) 202-207. 

[168]  Y.L. Chung, J.V. Olsson, R.J. Li, C.W. Frank, R.M. Waymouth, S.L. Billington, et al., 

A renewable lignin–lactide copolymer and application in biobased composites, ACS Sustain. 

Chem. Eng. 1 (2013) 1231-1238. 

[169]  W.J. Mulder, R.J.A. Gosselink, M.H. Vingerhoeds, P.F.H. Harmsen, D. Eastham, 

Lignin based controlled release coatings, Ind. Crop. Prod. 34 (2011) 915-920. 

[170] X.Y. Du, L.B. Li, M.E. Lindström, Modification of industrial softwood kraft lignin 

using Mannich reaction with and without phenolation pretreatment, Ind. Crops Prod. 52 

(2014) 729-735. 

[171]  H. F. Zhou, H. M. Lou, D. J. Yang, J. Y. Zhu, X. Q. Qiu, Lignosulfonate to enhance 

enzymatic saccharification of lignocelluloses: role of molecular weight and substrate lignin, 

Ind. Eng. Chem. Res. 52 (2013) 8464-8470.  

[172] H. M. Lou, J. Y. Zhu, T. Q. Lan, H. R. Lai, X. Q. Qiu, pH-induced lignin surface 

modification to reduce nonspecific cellulase binding and enhance enzymatic saccharification 

of lignocelluloses, ChemSusChem 6 (2013) 919-927.  

[173]  Z. J. Wang, T. Q. Lan, J. Y. Zhu, Lignosulfonate and elevated pH can enhance 

enzymatic saccharification of lignocelluloses, Biotechnol. Biofuels 6 (2013) 1-10.  

[174]  H. M. Lou, H. F. Zhou, X. L. Li, M. X. Wang, J. Y. Zhu, X. Q. Qiu, Understanding the 

effects of lignosulfonate on enzymatic saccharification of pure cellulose, Cellulose 21 (2014) 

1352-1359.  

[175]  C. Crestini, M. Crucianelli, M. Orlandi, R. Saladino, Oxidative strategies in lignin 

chemistry: a new environmental friendly approach for the functionalisation of lignin and 

lignocellulosic fibers, Catal. Today 156 (2010) 8-22. 

https://www.sciencedirect.com/science/article/pii/S0141813017311546
https://www.sciencedirect.com/science/article/pii/S0141813017311546
https://www.sciencedirect.com/science/article/pii/S0141813017311546


[176] D. H. Nagaraju, T. Rebis, R. Gabrielsson, A. Elfwing, G. Milczarek, O. Inganäs, 

Charge storage capacity of renewable biopolymer/conjugated polymer interpenetrating 

networks enhanced by electroactive dopants, Adv. Energy Mater. 4 (2014) 1-7.  

[177] O. Caballero-Calero, P. Diaz-Chao, B. Abad, C.V. Manzano, M.D. Ynsa, J.J. Romero, 

et al., Improvement of bismuth telluride electrodeposited films by the addition of sodium 

lignosulfonate, Electrochim. Acta 123 (2014) 117-126. 

[178] B. L. Xue, J. L. Wen, R. C.Sun, Lignin-based rigid polyurethane foam reinforced with 

pulp fiber: Synthesis and characterization, ACS Sustain. Chem. Eng. 1 (2014) 1474-1480. 

[179] L. Klapiszewski, M. Nowacka, G. Milczarek, T. Jesionowski, Physicochemical and 

electrokinetic properties of silica/lignin biocomposites, Carbohydr. Polym. 94 (2013) 345-

355.  

[180] D. Kai, M. J. Tan, P. L. Chee, Y. K. Chua, Y. L. Yap,  X. J. Loh, Towards lignin-based 

functional materials in a sustainable world, Green Chem. 18 (2016) 1175-1200.  

[181] S. Lu, S. Li, J. Yu, D. Guo, R. Ling, B. Huang, The effect of hyperbranched polymer 

lubricant as a compatibilizer on the structure and properties of lignin/polypropylene 

composites, Wood Mater. Sci. Eng. 8(3) (2013) 159-165. 

[182] R. Liu, Y. Peng, J. Cao, Y. Chen, Comparison on properties of lignocellulosic 

flour/polymer composites by using wood, cellulose, and lignin flours as fillers, Compos. Sci. 

Technol. 103 (2014) 1-7.  

[183]  K. Liu, S.A. Madbouly, J.A. Schrader, M.R. Kessler, D. Grewell, W.R. Graves, 

Biorenewable polymer composites from tall oil-based polyamide and lignin-cellulose fiber, J. 

Appl. Polym. Sci. 132 (2015) 42592. 

[184]  H. Naegele, J. Pfitzer, L. Ziegler, E.R. Inone-Kauffmann, N. Eisenreich, Applications 

of lignin materials and their composites, in: O. Faruk, M. Sain (Eds.), Lignin in polymer 

composites, Elsevier Inc., Amsterdam, 2016, pp. 233-244. 

[185]  B. Del Saz-Orozco, M. Oliet, M.V. Alonso, E. Rojo, F. Rodriguez, Formulation 

optimization of unreinforced and lignin nanoparticle-reinforced phenolic foams using an 

analysis of variance approach, Compos. Sci. Technol. 72 (2012) 667-674.  

[186]  M. Tortora, F. Cavalieri, P. Mosesso, F. Ciaffardini, F. Melone, C. Crestini, Ultrasound 

driven assembly of lignin into microcapsules for storage and delivery of hydrophobic 

molecules, Biomacromolecules 15 (2014) 1634-1643. 

[187]  C. Jiang, H. He, H. Jiang, L. Ma, D.M. Jia, Nano-lignin filled natural rubber 

composites: preparation and characterization, eXPRESS Polym. Lett. 7 (2013) 480-493.  

[188]  P. Figueiredo, K. Lintinen, A. Kiriazis, V. Hynninen, Z. Liu, T. Bauleth-Ramos, A. 

Rahikkala, A. Correia, T. Kohout, B. Sarmento, J. Yli-Kauhaluoma, J. Hirvonen, O. Ikkala, 

M.A. Kostiainen, H.A. Santos, In vitro evaluation of biodegradable lignin-based nanoparticles 

for drug delivery and enhanced antiproliferation effect in cancer cells, Biomaterials 121 

(2017) 97-108.  

[189] F. K. Ko, A. Goudarzi, L.T. Lin, Y. Li, J. F. Kadla,  Lignin-based composite carbon 

nanofibers, in: O. Faruk, M. Sain (Eds.), Lignin in polymer composites, Elsevier Inc., 

Amsterdam, 2016, pp. 167-194. 

[190] E. Fortunati, W. Yang, F. Luzi, J. Kenny, L. Torre, D. Puglia, Lignocellulosic 

nanostructures as reinforcement in extruded and solvent casted polymeric nanocomposites: an 

overview, Eur. Polym. J. 80 (2016) 295-316.  

[191] W. Yang, E. Fortunati, F. Dominici, G. Giovanale, A. Mazzaglia, G.M. Balestra, J.M. 

Kenny, D. Puglia, Synergic effect of cellulose and lignin nanostructures in PLA based 

systems for food antibacterial packaging, Eur. Polym. J. 79 (2016) 1-12. 

[192] H. Nagele, J. Pfitzer, E. Nagele, E.R. Inone, N. Eisenreich, W. Eckl, P. Eyerer, 

Arboform - A thermoplastic, processable material from lignin and natural fibers, in: T.Q. Hu 



(Ed.), Chemical Modification, Properties, and Usage of Lignin, Kluwer Academic/Plenum 

Publishers, New York, USA, 2002, pp. 101-120. 

[193] N. Okuda, M. Sato, Manufacture and mechanical properties of binderless boards from 

kenaf core, J. Wood Sci. 50(1) (2004) 53-61. 

[194] M. Tajuddin, Z. Ahmad, H. Ismail, A review of natural fibers and processing operations 

for the production of binderless boards, BioResources 11 (2016) 5600-5617. 

[195] S. Sahoo, M. Misra, A.K. Mohanty, Enhanced properties of lignin-based biodegradable 

polymer composites using injection moulding process, Compos. Part A 42 (2011) 1710-1718. 

[196] S. Sahoo, M. Misra, A.K. Mohanty, Effect of compatibilizer and fillers on the 

properties of injection molded lignin‐based hybrid green composites, J. Appl. Polym. Sci. 127 

(2013) 4110-4121. 

[197] R. Tupciauskas, J. Gravitis, J. Abolins, A. Veveris, M. Andzs, T. Liitia, T. Tamminen, 

Utilization of lignin powder for manufacturing self-binding HDF, Holzforschung, 71 (2017) 

555-556.  

[198] N. El Mansouri, A. Pizzi, J. Salvadó, Lignin-based wood panel adhesives without 

formaldehyde, Eur. J. Wood Wood Prod. 65 (2007) 65-70. 

[199] X. Zhou, F. Zheng, C. Lv, L. Tang, K. Wei, X. Liu, G. Du, Q. Yong, G. Xue, Properties 

of formaldehyde-free environmentally friendly lignocellulosic composites made from poplar 

fibres and oxygen-plasma-treated enzymatic hydrolysis lignin, Compos. Part B 53 (2013) 

369-375. 

[200] V. Hemmilä, J. Trischler, D. Sandberg, Lignin – an adhesive raw material of the future 

or waste of research energy?, in: C. Brischke, L. Meyer, (Eds.), Proc. 9th Meeting of the 

Northern European Network for Wood Science and Engineering (WSE), Hannover, Germany, 

September 11-12, 2013, pp. 98-103. 

[201] K. Liu, S.A. Madbouly, J.A. Schrader, M.R. Kessler, D. Grewell, W.R. Graves, 

Biorenewable polymer composites from tall oil-based polyamide and lignin-cellulose fiber, J. 

Appl. Polym. Sci. 132 (2015) 42592. 

[202] E. Inone-Kauffmann, N. Eisenreich, W. Eckl, E. Walschburger, H. Nagele, J. Pfitzer, 

Loudspeaker boxes from lignin matrix composites, PPS23 in: Proceedings of the Polymer 

Processing Society, Annual Meeting, San Salvador, Brazil, 2007.  

[203] T. Haensel, A. Comouth, N. Zydziak, et al., Pyrolysis of wood-based polymer 

compounds, J. Anal. Appl. Pyrol. 87 (2010) 124-128. 

[204] J. Jordan, K.I. Jacob, R. Tannenbaum, et al., Experimental trends in polymer 

nanocomposites – a review, Mater. Sci. Eng. A 393 (2005) 1-11.  

[205] G. Droval, J. F. Feller, P. Salagnac, P. Glouannec, Conductive polymer composites with 

double percolated architecture of carbon nanoparticles and ceramic microparticles for high 

heat dissipation and sharp PTC switching, Smart Mater. Struct. 17(2) (2008) 1-10.  

[206] G. Devi, V.J. Rao, Room temperature synthesis of colloidal platinum nanoparticles, 

Bull. Mater. Sci. 23 (2000) 467-470.  

[207] H. Nagele, J. Pfitzer, L. Ziegler, E. R. Inone-Kauffmann, W. Eckl, N. Eisenreich, 

Lignin matrix composites from natural resources – ARBOFORM®, in: S. Kabasci (Ed.), Bio-

based plastics: Materials and applications, First Edition, John Wiley & Sons, Ltd., Chichester, 

UK, 2014, pp. 89-115. 

[208] N. Guigo, L. Vincent, A. Mija, H. Naegele, N. Sbirrazzuoli, Innovative green 

nanocomposites based on silicate clays/lignin/natural fibres, Compos. Sci. Technol. 69 (2009) 

1979-1984. 

[209] X. Xu, Z. He, S. Lu, D. Guo, J. Yu, Enhanced thermal and mechanical properties of 

lignin/polypropylene wood-plastic composite by using flexible segment-containing reactive 

compatibilizer, Macromol. Res. 22 (2014) 1084-1089. 



[210] S. Lu, S. Li, J. Yu, D. Guo, R. Ling, B. Huang, The effect of hyperbranched polymer 

lubricant as a compatibilizer on the structure and properties of lignin/polypropylene 

composites, Wood Mater. Sci. Eng. 8 (2013) 159-165. 

[211] Y. Peng, R. Liu, J. Cao, Characterization of surface chemistry and crystallization 

behavior of polypropylene composites reinforced with wood flour, cellulose, and lignin 

during accelerated weathering, Appl. Surf. Sci. 332 (2015) 253-259. 

[212] G. Toriz, F. Denes, R.A. Young, Lignin-polypropylene composites. Part 1: composites 

from unmodified lignin and polypropylene, Polym. Compos. 23 (2002) 806-813. 

[213] B. Kosikova, A. Revajova, V. Demianova, The effect of adding lignin on modification 

of surface properties of polypropylene, Eur. Polym. J. 31 (1995) 953-956. 

[214] G. Toriz, J. Ramos, R.A. Young, Lignin-polypropylene composites. II. Plasma 

modification of kraft lignin and particulate polypropylene, J. App. Polym. Sci. 91 (2004) 

1920-1926. 

[215] L. Hu, T. Stevanovic, D. Rodrigue, Unmodified and esterified kraft lignin-filled 

polyethylene composites: compatibilization by free-radical grafting, J. Appl. Polym. Sci. 132 

(2015) 41484. 

[216] X. Lv, Z. Gao, Y. Zhang, M. Di, Mechanical study and microscopic characterization of 

lignin/PE composites, Adv. Mater. Res. (Trans Tech Publications) 335 (2011a) 191-194. 

[217] X. Lv, Y. Zhang, M. Di, Effect of PP-G-MAH on the compatibility of lignin/LDPE 

composites, Adv. Mater. Res. (Trans Tech Publications) 194 (2011b) 1476-1479. 

[218] X. Lv, Q. Liu, Y. Zhang, M. Di, Compatibility of lignin/LDPE composites modified 

with HDPE-g-MAH, Adv. Mater. Res. (Trans Tech Publications) 181-182 (2011c) 88-91. 

[219] X. Lv, Y. Zhang, M. Di, Z. Gao, Effect of different compatibilizing agents on the 

compatibility of lignin/LDPE composites, Adv. Mater. Res. (Trans Tech Publications) 391 

(2012) 143-146. 

[220] A. Diop, F. Mijiyawa, D. Koffi, B.V. Kokta, D. Montplaisir, Study of lignin dispersion 

in low-density polyethylene, J. Thermoplast. Compos. Mater. 28 (2015) 1662-1674. 

[221] S. Casenve, A. Ait-Wi, B. Riedl, Mechanical behaviour of highly filled 

lignin/polyethylene composites made by catalytic grafting, Can. J. Chem. Eng. 74 (1996) 308-

315. 

[222] N. N. Jabber, The study of bacterial growth on low-density-polyethylene-lignin 

composite, Basra J. Vet. Res. 10 (2011) 97-105. 

[223] S.K. Samal, E.G. Fernandes, A. Corti, E. Chiellini, Bio-based polyethylene-lignin 

composites containing a pro-oxidant/pro-degradant additive: preparation and characterization, 

J. Polym. Environ. 22 (2014) 58-68. 

[224] J. Zhou, X. Luo, Preparation of lignin/LDPE-EVA composition and foam, J. Chem. Ind. 

Eng. (China) 58 (2007) 1834. 

[225] M.R. Barzegari, A. Alemdar, Y. Zhang, D. Rodrigue, Thermal analysis of highly filled 

composites of polystyrene with lignin. Polym. Polym. Compos. 21(6) (2013) 357-366. 

[226] W.K. El-Zawawy, M.M. Ibrahim, M.N. Belgacem, A. Dufresne, Characterization of the 

effects of lignin and lignin complex particles as fillers on a polystyrene film, Mater. Chem. 

Phys. 131 (2011) 348-357. 

[227] S.L. Hilburg, A.N. Elder, H. Chung, R.L. Ferebee, M.R. Bockstaller, N.R. Washburn, A 

universal route towards thermoplastic lignin composites with improved mechanical 

properties, Polymer 55 (2014) 995-1003. 

[228] P.R.S. Bittencourt, D.M. Fernandes, M.F. Silva, M.K. Lima, A.A.W. Hechenleitner, 

E.A.G. Pineda, Lignin modified by formic acid on the PA6 films: evaluation on the 

morphology and degradation by UV radiation, Waste Biomass Valorization 1 (2010) 323-328. 

[229] F. Liu, K. Xu, M. Chen, D. Cao, The rheological and mechanical properties of PVC-

lignin blends, Int. Polym. Process. 27 (2012) 121-127. 



[230] F. Liu, K. Xu, M. Chen, D. Cao, Thermal stability of PVC-lignin blends miscibilized by 

poly(ethyl acrylate-co-acrylic acid), CIESC Journal 63(10) (2012) 3324-3329. 

[231] Y. Yu, P. Song, C. Jin, S. Fu, L. Zhao, Q. Wu, J. Ye, Catalytic effects of nickel (cobalt 

or zinc) acetates on thermal and flammability properties of polypropylene-modified lignin 

composites, Ind. Eng. Chem. Res. 51 (2012) 12367-12374. 

[232] F. Liu, K. Xu, M. Chen, D. Cao, The roles of polyacrylate in poly(vinyl chloride)-lignin 

composites, Polym. Compos. 32 (2011) 1399-1407. 

[233] Ł. Klapiszewski, J. Tomaszewska, K. Skórczewska, T. Jesionowski, Preparation and 

characterization of eco-friendly Mg(OH)2/lignin hybrid material and its use as a functional 

filler for poly(vinyl chloride), Polymers 9 (2017) 258-277. 

[234] Ł. Klapiszewski, F. Pawlak, J. Tomaszewska, T. Jesionowski, Preparation and 

characterization of novel PVC/silica–lignin composites, Polymers 7 (2015) 1767-1788. 

[235] S. S. Nair, S. Sharma, Y. Pu, Q. Sun, S. Pan, J. Y. Zhu, Y. Deng, A. J. Ragauskas, High 

shear homogenization of lignin to nanolignin and thermal stability of nano-lignin-polyvinyl 

alcohol blends, ChemSusChem. 7 (2014) 3513-3520. 

[236] Y. Li, X. Lin, X. Zhuo, X. Luo, Poly(vinyl alcohol)/quaternized lignin composite 

absorbent: synthesis, characterization and application for nitrate adsorption, J. Appl. Polym. 

Sci. 128 (2013) 2746-2752. 

[237] L. Su, G. Fang, Characterization of crosslinked alkaline lignin/poly(vinyl alcohol) film 

with a formaldehyde cross-linker, BioResources 9 (2014) 4477-4488. 

[238] P. Song, Z. Cao, S. Fu, Z. Fang, Q. Wu, J. Ye, Thermal degradation and 

flameretardancy properties of ABS/lignin: effects of lignin content and reactive 

compatibilization, Thermochim. Acta 518 (2011) 59-65. 

[239] J. Jeong, J. Park, S. Kim, J. Lee, N. Ahn, H. Roh, Preparation and characterization of 

thermoplastic polyurethanes using partially acetylated kraft lignin, Fiber Polym. 14 (2013) 

1082-1093. 

[240] G. Stiubianu, A. Nistor, A. Vlad, M. Cazacu, Modification of water sorption capacity of 

polydimethylsiloxane based composites by incorporation of lignin, Mater. Plast. 48 (2011) 

289-294. 

[241] G. Stiubianu, M. Cazacu, M. Cristea, A. Vlad, Polysiloxane-lignin composites, J. Appl. 

Polym. Sci. 13 (2009) 2313-2321. 

[242] Z. W. He, L. H. He, J. Yang, Q. F. Lu, Removal and recovery of Au(III) from aqueous 

solution using low-cost lignin-based biosorbent, Ind. Eng. Chem. Res. 52 (2013) 4103-4108. 

[243] M. Nowacka, L. Klapiszewski, M. Norman, T. Jesionowski, Dispersive evaluation and 

surface chemistry of advanced multifunctional silica/lignin hybrid biomaterials, Cent. Eur. J. 

Chem. 11 (2013) 1860-1873. 

[244] L. Klapiszewski, M. Madrawska, T. Jesionowski, Preparation and characterisation of 

hydrated silica/lignin biocomposites, Physicochem. Probl. Miner. Process. 48 (2012) 463-473. 

[245] Y. Dessie, S. Admassie, Electrochemical study of conducting polymer/lignin 

composites, Orient. J. Chem. 29 (2013) 1359-1369. 

[246] M. Canetti, F. Bertini, Influence of the lignin on thermal degradation and melting 

behavior of poly(ethylene terephthalate) based composites, e-Polymers 9 (2009) 596-605. 

[247] G. Engelmann, J. Ganster, Lignin reinforcement in thermosets composites, in: O. Faruk, 

M. Sain (Eds.), Lignin in polymer composites, Elsevier Inc., Amsterdam, 2016, pp. 119-151. 

[248] L.I. Grishechko, G. Amaral-Labat, A. Szczurek, V. Fierro, A. Kuznetsov, A. 

Celzard,Lignin-phenol-formaldehyde aerogels and cryogels, Micropor. Mesopor. Mat. 168 

(2013) 19-29. 

[249] J. Batog, A. Przepiera, Enzymatic processing of lignin in the production of 

lignocellulosic composites, Cell. Chem. Technol. 45 (2011) 503-505. 



[250] S. Sarkar, B. Adhikari, Synthesis and characterization of lignin-HTPB copolyurethane, 

Eur. Polym. J. 37 (2001) 1391-1401. 

[251] S. Sarkar, B. Adhikari, Thermal stability of lignin - hydroxy-terminated polybutadiene 

copolyurethanes, Polym. Degrad. Stab. 73 (2001) 169-175. 

[252] X. Luo, A. Mohanty, M. Misra, Lignin as a reactive reinforcing filler for water-blown 

rigid biofoam composites from soy oil-based polyurethane, Ind. Crops Prod. 47 (2013) 13-19. 

[253] H. Jeong, J. Park, S. Kim, J. Lee, N. Ahn, Compressive viscoelastic properties of 

softwood kraft lignin-based flexible polyurethane foams, Fiber Polym. 14 (2013) 1301-1310. 

[254] M. Lacasse, D. Feldman, Swelling and adhesion characteristics of lignin-filled 

polyurethane sealant, J. Adhes. Sci. Technol. 8 (1994) 473-484. 

[255] S. Sahoo, M. Misra, A. K. Mohanty, Enhanced properties of lignin-based biodegradable 

polymer composites using injection moulding process,  Compos. Part A 42 (2011) 1710-1718. 

[256] S. Sahoo, M. Misra, A. K. Mohanty, Effect of compatibilizer and fillers on the 

properties of injection molded lignin-based hybrid green composites, J. Appl. Polym. Sci. 127 

(2013) 4110-4121. 

[257] F. Bertini, M. Canetti, A. Cacciamani, G. Elegir, M. Orlandi, L. Zoia, Effect of 

lignoderivatives on thermal properties and degradation behavior of poly(3-hydroxybutyrate)-

based biocomposites, Polym. Degrad. Stab. 97 (2012) 1979-1987. 

[258] M. Canetti, M. Urso, P. Sadocco, Influence of the morphology and of the 

supermolecular structure on the enzymatic degradation of bacterial poly(3-hydroxybutyrate), 

Polymer 40 (1999) 2587-2594.  

[259] E.S. Stevens, A. Klamczynski, G.M. Glenn, Starch-lignin foams, eXPRESS Polym. 

Lett. 4 (2010) 311-320.  

[260] R. Wu, X. Wang, F. Li, H.-Z. Li, Y. Wang, Green composite films prepared from 

cellulose, starch and lignin in room temperature ionic liquid, Bioresour. Technol. 100 (2009) 

2569-2574. 

[261] I. Spiridon, C.-A.Teacă, R. Bodirlău, Preparation and characterization of adipic acid-

modified starch microparticles/plasticized starch composite films reinforced by lignin, J. 

Mater. Sci. 46 (2011) 3241-3251. 

[262] F. Le Digabel, L. Averous, Effects of lignin content on the properties of lignocellulose-

based biocomposites, Carbohydr. Polym. 66 (2006) 537-545. 

[263] M.A. Rahman, D. De Santis, G. Spagnoli, G. Ramorino, M. Penco, V. T. Phuong, A. 

Lazzeri, Biocomposites based on lignin and plasticized poly (L‐lactic acid), J. Appl. Polym. 

Sci. 129 (2013) 202-214. 

[264] J. Zhu, L. Xue, C. Mu, M. Jiang, Z. Zhou, Modification of lignin with silane coupling 

agent to improve the interface of poly(L-lactic) acid/lignin composites, BioResources 10(3) 

(2015) 4315-4325. 

[265] Y. Sun, L. Yang, X. Lu, C. He, Biodegradable and renewable poly(lactide)-lignin 

composites: synthesis, interface and toughening mechanism, J. Mater. Chem. A 3 (2015) 

3699-3709. 

[266] R. Liu, Y. Peng, J. Cao, Y. Chen, Comparison on properties of lignocellulosic 

flour/polymer composites by using wood, cellulose, and lignin flours as fillers, Compos. Sci. 

Technol. 103 (2014) 1-7. 

[267] S. H. Botros, M. A. M. Eid, Z. A. Nageeb, Thermal stability and dielectric relaxation of 

natural rubber/soda lignin and natural rubber/thiolignin composites, J. Appl. Polym. Sci. 99 

(2006) 2504-2511. 

[268] J. Sajeev, M.I. Jeoju, A. Roselin, Mechanical properties of natural rubber composites 

reinforced with lignin from Caryota fibre, Int. J. Emerging Technol. Adv. Eng. 4 (2014) 567-

570. 



[269] P. Frigerio, L. Zoia, M. Orlandi, T. Hanel, L. Castellani, Application of sulphur-free 

lignins as a filler for elastomers: Effect of hexamethylenetetramine treatment, BioResources 9 

(2014) 1387-1400. 

[270] C. Jiang, H. He, X.J. Yao, P. Yu, L. Zhou, D.M. Jia, Solvent diffusion in silica/poly 

[styrene‐co‐(acrylic acid)] core‐shell microspheres by pulsed field gradient NMR techniques, 

J. Appl. Polym. Sci. 131 (2014) 9. 

[271] A. Rangan, M.V. Manjula, K.G. Satyanarayana, R. Menon, Lignin/nanolignin and their 

biodegradable composites, in: S. Kalia (Ed.), Biodegradable green composites, John Wiley & 

Sons Inc., Hoboken, New Jersey, USA, 2016, pp. 167-198. 

[272] W. Zhao, B. Simmons, S. Singh, A. Ragauskas, G. Cheng, From lignin association to 

nano-/micro-particle preparation: extracting higher value of lignin, Green Chem. 18 (2016) 

5693-5700. 

[273] C. Thulluri, S.R. Pinnamaneni, P.R. Shetty, U. Addepally, Synthesis of lignin-based 

nanomaterials/nanocomposites: Recent trends and future perspectives, Ind. Biotechnol. 12 

(2016) 153-160.  

[274] M. Pishnamazi, S. Casilagan , C. Clancy, S. Shirazian, J. Iqbal,  D. Egan, C. Edlin,  

D.M. Croker, G.M. Walker, M.N. Collins, Microcrystalline cellulose, lactose and lignin 

blends: Process mapping of dry granulation via roll compaction, Powder Technol. 2018; 

https://doi.org/10.1016/j.powtec.2018.07.003 

[275] S. Thakur, P.P. Govender, M.A. Mamo, S. Tamulevicius, Y.K. Mishra, V.K. Thakur, 

Progress in lignin hydrogels and nanocomposites for water purification: Future 

perspectives, Vacuum 146 (2017) 342-355. 

[276] P.K. Mishra, R. Wimmer, Aerosol assisted self-assembly as a route to synthesize solid 

and hollow spherical lignin colloids and its utilization in layer by layer deposition, Ultrason. 

Sonochem. 35 (2017) 45-50. 

[277] C. Frangville, M. Rutkevicius, A.P. Richter, O.D. Velev, S.D. Stoyanov, V.N. Paunov, 

Fabrication of environmentally biodegradable lignin nanoparticles, Chem. Phys. Chem. 13 

(2012) 4235-4243. 

[278] Y. Qian, Y. Deng, X. Qiu, H. Li, D. Yang, Formation of uniform colloidal spheres from 

lignin, a renewable resource recovered from pulping spent liquor, Green Chem. 16 (2014) 

2156-2163. 

[279] A. P. Richter, J. S. Brown, B. Bharti, A. Wang, S. Gangwal, K. Houck et al., An 

environmentally benign antimicrobial nanoparticle based on a silver-infused lignin core, Nat. 

Nanotechnol. 10 (2015) 817-823. 

[280] A. K. Gupta, S. Mohanty, S. K.Nayak, Influence of addition of vapor grown carbon 

fibers on mechanical, thermal and biodegradation properties of lignin nanoparticle filled 

biopoly(trimethylene terephthalate) hybrid nanocomposites, RSC Adv. 5 (2015) 56028-

56036. 

[281] A.A. Myint, H.W. Lee, B. Seo, W.-S. Son, J. Yoon, T.J. Yoon et al., One pot synthesis 

of environmentally friendly lignin nanoparticles with compressed liquid carbon dioxide as an 

antisolvent, Green Chem. 18 (2016) 2129-2146. 

[282] Y. Qian, X. Qiu, X. Zhong, D. Zhang, Y. Deng, D. Yang, et al., Lignin reverse micelles 

for uvabsorbing and high mechanical performance thermoplastics, Ind. Eng. Chem. Res. 54 

(2015) 12025-12030. 

[283] T. E. Nypelo, C. A. Carrillo, O. J.Rojas, Lignin supracolloids synthesized from (W/O) 

microemulsions: use in the interfacial stabilization of Pickering systems and organic carriers 

for silver metal, Soft Matter 11 (2015) 2046-2054. 

[284] X. Liu, H. Yin, Z. Zhang, B. Diao, J. Li, Functionalization of lignin through ATRP 

grafting of poly(2-dimethylaminoethyl methacrylate) for gene delivery, Colloids Surf. B 125 

(2015) 230-237. 



[285] I. A. Gilca, V. I. Popa, C. Crestini, Obtaining lignin nanoparticles by sonication, 

Ultrason. Sonochem. 23 (2015) 369-375. 

[286] M. Lievonen, J.J. Valle-Delgado, M.-L. Mattinen, E.-L. Hult, K. Lintinen, M.A. 

Kostiainen et al., A simple process for lignin nanoparticle preparation, Green Chem. 18 

(2016) 1416-1422. 

[287] K. Lintinen, M. Latikka, M.H. Sipponen, R.H.A. Ras, M. Osterberg, M.A. Kostiainen, 

Structural diversity in metal-organic nanoparticles based on iron isopropoxide treated lignin, 

RSC Adv. 6 (2016) 31790-31796. 

[288] M. Ago, S. Huan, M. Borghei, J. Raula, E.I. Kauppinen, O.J. Rojas, High-throughput 

synthesis of lignin particles (approximately 30 nm to approximately 2 mum) via aerosol flow 

reactor: size fractionation and utilization in Pickering emulsions, ACS Appl. Mater. Interfaces 

8 (2016) 23302-23310. 

[289] K. S. Gilmore, C. Gupta, N. R. Washburn, Tunable Pickering emulsions with polymer-

grafted lignin nanoparticles (PGLNs), J. Colloid Interf. Sci. 466 (2016) 91-100. 

[290] A. Rangan, M.V. Manchiganti, R.M. Thilaividankan, S. G. Kestur, R. Menon, Novel 

method for the preparation of lignin-rich nanoparticles from lignocellulosic fibers,  Ind. Crops 

Prod. 103 (2017) 152-160. 

[291] X. Fuquan, Y. Han, S. Wang, G. Li, T. Qin, Y. Chen, F. Chu, Preparation and formation 

mechanism of size-controlled lignin nanospheres by self-assembly, Ind. Crops Prod. 100 

(2017) 146-152. 

[292] W. Yang, J. S. Owczarek, E. Fortunati, M. Kozanecki, A. Mazzaglia, G. M. Balestra, J. 

M. Kenny, L. Torre, D. Puglia, Antioxidant and antibacterial lignin nanoparticles in polyvinyl 

alcohol/chitosan films for active packaging, Ind. Crops Prod. 94 (2016) 800-811. 

[293] W. Yang, F. Dominici, E. Fortunati, J. M. Kenny, D. Puglia, Effect of lignin 

nanoparticles and masterbatch procedures on the final properties of glycidyl methacrylate-g-

poly (lactic acid) films before and after accelerated UV weathering, Ind. Crops Prod. 77 

(2015) 833-844. 

[294] D. Kai, W. Ren, L. Tian, P.L. Chee, Y. Liu, S. Ramakrishna et al., Engineering 

poly(lactide)–lignin nanofibers with antioxidant activity for biomedical application, ACS 

Sustain. Chem. Eng. 4 (2016) 5268-5276. 

[295] D. Kai, K. Zhang, L. Jiang, H.Z. Wong, Z. Li, Z. Zhang, et al., Sustainable and 

antioxidant lignin–polyester copolymers and nanofibers for potential healthcare applications, 

ACS Sustain. Chem. Eng. 5 (2017) 6016-6025. 

[296] D. Kai, S. Jiang, Z.W. Low, X.J. Loh, Engineering highly stretchable lignin-based 

electrospun nanofibers for potential biomedical applications, J. Mater. Chem. B 3 (2015) 

6194-6204. 

[297] C. Salas, M. Ago, L.A. Lucia, O.J. Rojas, Synthesis of soy protein–lignin nanofibers by 

solution electrospinning, React. Funct. Polym. 85 (2014) 221-227. 

[298] M. Ago, J.E. Jakes, L.S. Johansson, S. Park, O.J. Rojas, Interfacial properties of lignin 

based electrospun nanofibers and films reinforced with cellulose nanocrystals, ACS Appl. 

Mater. Interf. 4 (2012) 6849-6856. 

[299] M. Ago, J.E. Jakes, O.J. Rojas, Thermomechanical properties of lignin-based 

electrospun nanofibers and films reinforced with cellulose nanocrystals: A dynamic 

mechanical and nanoindentation study, ACS Appl. Mater. Interf. 5 (2013) 11768-11776. 

[300] D. Yiamsawas, G. Baier, E. Thines, K. Landfester, F.R. Wurm, Biodegradable lignin 

nanocontainers, RSC Adv. 4 (2014) 11661-11663. 

[301] H. Li, Y. Deng, B. Liu, Y. ren, j. liang, y. qian, et al., preparation of nanocapsules via 

the Self-Assembly of Kraft Lignin: A totally green process with renewable resources, ACS 

Sustain. Chem. Eng. 4 (2016) 1946-1953. 



[302] N. Chen, L.A. Dempere, Z. Tong, Synthesis of pH-Responsive lignin-based 

nanocapsules for controlled release of hydrophobic molecules, ACS Sustain. Chem. Eng. 4 

(2016) 5204-5211. 

[303] E. Ten, C. Ling, Y. Wang, A. Srivastava, L.A. Dempere, W. Vermerris, Lignin 

nanotubes as vehicles for gene delivery into human cells, Biomacromolecules 15 (2014) 327-

338. 

[304] P. Goulis, I.A. Kartsonakis, K. Mpalias, C. Charitidis, Combined effects of multi-

walled carbon nanotubes and lignin on polymer fiber-reinforced epoxy composites, Mater. 

Chem. Phys. 218 (2018) 18-27. 

[305] M. Grzegorz, Kraft lignin as dispersing agent for carbon nanotubes, J. Electroanal.  

Chem. 638(1) (2010) 178-181. 

[306] W. Yang, E. Fortunati, F. Dominici, G. Giovanale, A. Mazzaglia, G. M. Balestra, J. M. 

Kenny, D. Puglia, Effect of cellulose and lignin on disintegration, antimicrobial and 

antioxidant properties of PLA active films, Int. J.  Biol. Macromol. 89 (2016) 360-368. 

[307] W. Yang, E. Fortunati, F. Dominici, G. Giovanale, A. Mazzaglia, G. M. Balestra, J. M. 

Kenny, D. Puglia, Synergic effect of cellulose and lignin nanostructures in PLA based 

systems for food antibacterial packaging, Eur. Polym. J. 79 (2016) 1-12. 

[308] W. Yang, M. Rallini, D-Y. Wang, D. Gao, F. Dominici, L. Torre, J. M. Kenny, D. 

Puglia, Role of lignin nanoparticles in UV resistance, thermal and mechanical performance of 

PMMA nanocomposites prepared by a combined free-radical graft 

polymerization/masterbatch procedure, Compos. Part A 107 (2017) 61-69. 

[309] W. Liu, R. Zhou, D. Zhou, G. Ding, J. M. Soah, C. Y. Yue, X. Lu, Lignin-assisted 

direct exfoliation of graphite to graphene in aqueous media and its application in polymer 

composites, Carbon 83 (2015) 188-197. 

[310] K. Chaochanchaikul, K. Jayaraman, V. Rosarpitak, N. Sombatsompop, Influence of 

lignin content on photodegradation in wood/HDPE composites under UV weathering, 

BioResources 7 (2012) 38-55. 

[311] E.M. Fernandes, I.M. Aroso, J.F. Mano, J.A. Covas, R.L. Reis, Functionalized cork-

polymer composites (CPC) by reactive extrusion using suberin and lignin from cork as 

coupling agents, Compos. Part B 67 (2014) 371-380. 

[312] L. Hu, T. Stevanovic, D. Rodrigue, Comparative study of polyethylene composites 

containing industrial lignins, Polym. Polym. Compos. 23 (2015) 369-374. 

[313] S. Lu, S. Li, J. Yu, D. Guo, R. Ling, B. Huang, The effect of hyperbranched polymer 

lubricant as a compatibilizer on the structure and properties of lignin/polypropylene 

composites, Wood Mater. Sci. Eng. 8 (2013) 159-165. 

[314] X. Xu, Z. He, S. Lu, D. Guo, J. Yu, Enhanced thermal and mechanical properties of 

lignin/polypropylene wood-plastic composite by using flexible segment-containing reactive 

compatibilizer, Macromol. Res. 22 (2014) 1084-1089. 

[315] R. Gadioli, J. A. Morais, W. R. Waldman, M.-A. De Paoli, The role of lignin in 

polypropylene composites with semi-bleached cellulose fibers: mechanical properties and its 

activity as antioxidant, Polym. Degrad. Stab. 108 (2014) 23-34. 

[316] R. Liu, Y. Peng, J. Cao, Y. Chen, Comparison on properties of lignocellulosic 

flour/polymer composites by using wood, cellulose, and lignin flours as fillers, Compos. Sci. 

Technol. 103 (2014) 1-7. 

[317] J.-S. Yeo, D.-W. Seong, S.-H. Hwang, Chemical surface modification of lignin particle 

and its application as filler in the polypropylene composites, J. Ind. Eng. Chem. 31 (2015) 80-

85. 

[318] M. Canetti, F. Bertini, Supermolecular structure and thermal properties of poly(ethylene 

terephthalate)/lignin composites, Compos. Sci. Technol. 67 (2007) 3151-3157. 

https://www.sciencedirect.com/science/article/pii/S1226086X15002890#!
https://www.sciencedirect.com/science/article/pii/S1226086X15002890#!
https://www.sciencedirect.com/science/article/pii/S1226086X15002890#!


[319] H. Jeong, J. Park, S. Kim, J. Lee, N. Ahn, H. Roh, Preparation and characterization of 

thermoplastic polyurethanes using partially acetylated kraft lignin, Fiber Polym. 14 (2013) 

1082-1093. 

[320]  C. Zhang, H. Wu, M. R. Kessler, High bio‐content polyurethane composites with 

urethane modified lignin as filler, Polymer 69 (2015) 52‐57. 

[321] M. N. Garcia Gonzalez, M. Levi, S. Turri, G. Griffini, Lignin nanoparticles by 

ultrasonication and their incorporation in waterborne polymer nanocomposites J. Appl. 

Polym. Sci. 2017, 45318. 

[322] K. Akato, C. D. Tran, J. Chen, A. K. Naskar, Poly(ethylene oxide)-assisted 

macromolecular self-assembly of lignin in ABS matrix for sustainable composite 

applications, ACS Sustain. Chem. Eng. 3 (2015) 3070-3076. 

[323] H. P. S. A. Khalil, M. M. Marliana, T. Alshammari, Material properties of epoxy-

reinforced biocomposites with lignin from empty fruit bunch as curing agent, BioResources 6 

(2011) 5206-5223. 

[324] Y. Xie, Q.-F. Lu, Y. Jin, X. Cheng, Enzymatic hydrolysis lignin epoxy resin modified 

asphalt, Adv. Mater. Res. 239-242 (2011) 3346-3349. 

[325] Q. Yin, W. Yang, C. Sun, M. Di, Preparation and properties of lignin-epoxy resin 

composite, BioResources 7 (2012) 5737-5748. 

[326] X. Kong, Z. Xu, L. Guan, M. Di, Study on polyblending epoxy resin adhesive with 

lignin curing temperature. Int. J. Adhes. Adhes. 48 (2014) 75-79. 

[327] G. Engelmann, J. Ganster, Bio-based epoxy resins with low molecular weight kraft 

lignin and pyrogallol. Holzforschung 68 (2014) 435-446. 

[328] W. Doherty, P. Halley, L. Edye, D. Rogers, F. Cardona, Y. Park, T. Woo, Studies on 

polymers and composites from lignin and fiber derived from sugar cane, Polym. Adv. 

Technol. 18 (2007) 673-678. 

[329] W.-J. Lee, K.-C. Chang, I.-M. Tseng, Properties of phenol-formaldehyde resins 

prepared from phenol-liquefied lignin. J. Appl. Polym. Sci. 124 (2012) 4782-4788. 

[330] J. F. Stanzione, P. A. Giangiulio, J. M. Sadler, J. J. La Scala, R.P. Wool, Lignin-based 

bio-oil mimic as biobased resin for composite applications, ACS Sustain. Chem. Eng. 1 

(2013) 419-426. 

[331] S. Xiao, J. Feng, J. Zhu, X. Wang, C. Yi, S. Su, Preparation and characterization of 

lignin-layered double hydroxide/styrene butadiene rubber composites, J. Appl. Polym. Sci. 

130 (2013) 1308-1312. 

[332] P. Frigerio, L. Zoia, M. Orlandi, T. Hanel, L. Castelani, Application of sulphur-free 

lignins as a filler for elastomers: effects of hexamethylenetetramine treatment, BioResources 

9 (2014) 1387-1400. 

[333] P. Yu, H. He, Y. Jia, S. Tian, J. Chen, D. Jia, Y. Luo, A comprehensive study on lignin 

as a green alternative of silica in natural rubber composites,  Polym. Test. 54 (2016) 176-185. 

[334] D. Barana, S.D. Ali, A. Salanti, M. Orlandi, L. Castellani, T. Hanel, L. Zoia, Influence 

of lignin features on thermal stability and mechanical properties of natural rubber compounds, 

ACS Sustain. Chem. Eng. 4 (2016) 5258–5267. 

[335] Y. Ikeda, T. Phakkeeree, P. Junkong, H. Yokohama, P. Phinyocheep, R. Kitano, A. Kato, 

Reinforcing biofiller “Lignin” for high performance green natural rubber nanocomposites, RSC 

Adv. 7 (2017) 5222-5231. 

[336] S. Otani, Y. Fukuoka, B. Igarashi, K. Sasaki, Method for producing carbonized lignin 

fiber, U.S. Patent No. 3461082 Washington D.C. (1969).  

[337] I. Tomizuka, T. Kurita, Y. Tanaka, O. Watanabe, Voids in the carbon fibers produced 

from lignin and PVA, Nippon Seram Kyo Gak. 79 (1971) 460-469. 

[338] D. J. Johnson, I. Tomizuka, O. Watanabe, The fine structure of lignin-based carbon 

fibres, Carbon 13 (1975) 321-325. 

https://www.sciencedirect.com/science/article/pii/S0142941816303385#!
https://www.sciencedirect.com/science/article/pii/S0142941816303385#!
https://www.sciencedirect.com/science/article/pii/S0142941816303385#!
https://www.sciencedirect.com/science/article/pii/S0142941816303385#!
https://www.sciencedirect.com/science/article/pii/S0142941816303385#!
https://www.sciencedirect.com/science/article/pii/S0142941816303385#!
https://www.sciencedirect.com/science/article/pii/S0142941816303385#!


[339]   K. Sudo, K. Shimizu, N. Nakashima, A. Yokoyama, A new modification method of 

exploded lignin for the preparation of a carbon fiber precursor, J. Appl. Polym. Sci. 48 (1993) 

1485-1491. 

[340] Uraki, Y., Kubo, S., Nigo, N., Sano, Y., & Sasaya, T. (1995). Preparation of carbon 

fibers from organosolv lignin obtained by aqueous acetic acid pulping. Holzforschung 49(4), 

343-350. 

[341]  J. F. Kadla, S. Kubo, R. A. Venditti, R. D. Gilbert, A. L. Compere, W Griffith, Lignin-

based carbon fibers for composite fiber applications, Carbon 40 (2002) 2913-2920. 

[342] S. Kubo, J. F. Kadla, Lignin-based carbon fibers: Effect of synthetic polymer blending 

on fiber properties, J. Polym. Environ. 13 (2005) 97-105. 

[343]   S. P. Maradur, C. H. Kim, S. Y. Kim, B.-H. Kim, W. C. Kim, K. S. Yang, Preparation 

of carbon fibers from a lignin copolymer with polyacrylonitrile, Synth. Met. 162 (2012) 453-

459. 

[344] J. Lin, S. Kubo, T. Yamada, K. Koda, Y. Uraki, Chemical thermostabilization for the 

preparation of carbon fibers from softwood lignin, BioResources 7 (2012) 5634-5646. 

[345] J. Lin, K. Koda, S. Kubo, T. Yamada, M. Enoki, Y. Uraki, Improvement of mechanical 

properties of softwood lignin-based carbon fibers, J. Wood Chem. Technol. 34 (2014). 111-

121. 

[346] H. C. Liu, A. T. Chien, B. A. Newcomb, Y. Liu, S. Kumar, Processing, structure, and 

properties of lignin- and CNT-incorporated polyacrylonitrile-based carbon fibers, ACS 

Sustain. Chem. Eng. 3 (2015) 1943-1954. 

[347] S. Wang, Y. Li, H. Xiang, Z. Zhou, T. Chang, M. Zhu, Low cost carbon fibers from 

bio-renewable lignin/poly (lactic acid) (PLA) blends, Compos. Sci. Technol. 119 (2015) 20-

25. 

[348]  W. Qu,  Y. Xue, Y. Gao,  M. Rover, X. Bai, Repolymerization of pyrolytic lignin for 

producing carbon fiber with improved properties, Biomass Bioenergy 95 (2016) 8-26.  

[349] J. Jin, J. Ding, A. S. Klett, M. C. Thies, A. A. Ogale, Carbon fibers derived from 

fractionated–solvated lignin precursors for enhanced mechanical performance, ACS Sustain. 

Chem. Eng. (2018) DOI: 10.1021/acssuschemeng.8b02697 

[350] G. Vazquez, J. Gonzalez, S. Freire, G. Antorrena, Effect of chemical modification of 

lignin on the glue bond performance of lignin-phenolic resins, Bioresour. Technol. 60 (1997) 

191-198. 

[351] A. R. Mahendran, G.E. Wuzella, N. Aust, U. Mueller, A. Kandelbauer, Processing and 

characterization of natural fibre reinforced composites using lignin phenolic binder, Polym. 

Polym. Compos. 21 (2013) 199-205. 

[352] A. Tejado, C. Pena, J. Labidi, J.M. Echeverria, I. Mondragon, Physico-chemical 

characterization of lignins from different sources for use in phenol-formaldehyde resin 

synthesis, Bioresour. Technol. 98 (2007) 1655-1663. 

[353] T. Akhtar, G. Lutfullah, Z. Ullah, Ligonsulfonate-phenol formaldehyde adhesive: A 

potential binder for wood panel industries, J. Chem. Soc. Pak. 33 (2011) 535-538. 

[354] J. C. Dominguez, M. Oliet, M. V. Alonso, E. Rojo, F. Rodriguez, Structural, thermal 

and rheological behavior of a bio-based phenolic resin in relation to a commercial resol resin, 

Ind. Crops Prod. 42 (2013) 308-314. 

[355] Y. Matsushita, S. Wada, K. Fukushima, S. Yasuda, Surface characteristics of phenol-

formaldehyde-lignin resin determined by contact angle measurement and inverse gas 

chromatography, Ind. Crops Prod. 23 (2006) 115-121. 

[356] A. Donmez Cavdar, H. Kalaycioglu, S. Hiziroglu, Some of the properties of oriented 

strandboard manufactured using kraft lignin phenolic resin, J. Mater. Process. Technol.  202 

(2008) 559-563. 

https://www.sciencedirect.com/science/article/abs/pii/S0379677912000367#!
https://pubag.nal.usda.gov/?q=%22Qu%2C+Wangda%22&search_field=author
https://pubag.nal.usda.gov/?q=%22Qu%2C+Wangda%22&search_field=author
https://pubag.nal.usda.gov/?q=%22Xue%2C+Yuan%22&search_field=author
https://pubag.nal.usda.gov/?q=%22Gao%2C+Yiwei%22&search_field=author
https://pubag.nal.usda.gov/?q=%22Rover%2C+Marjorie%22&search_field=author
https://pubag.nal.usda.gov/?q=%22Bai%2C+Xianglan%22&search_field=author


[357] L. Kouisni, Y. Fang, M. Paleologou, B. Ahvazi, J. Hawari, Y. Zhang, Kraft lignin 

recovery and its use in the preparation of lignin-based phenol formaldehyde resins for 

plywood, Cell. Chem. Technol. 45 (2011) 515-520. 

[358] A. D. Cavdar, H. Kalaycioglu, S. Hiziroglu, Some of the properties of oriented 

strandboard manufactured using kraft lignin phenolic resin, J. Mater. Process. Technol. 202 

(2008) 559-563. 

[359] Y. Park, W. Doherty, P.J. Halley, Developing lignin-based resin coatings and 

composites, Ind. Crops Prod. 27 (2008) 163-167. 

[360] W. Qiao, S. Li, G. Guo, S. Han, S. Ren, Y. Ma, Synthesis and characterization of 

phenol-formaldehyde resin using enzymatic hydrolysis lignin, J. Ind. Eng. Chem. 21 (2015) 

1417-1422. 

[361] S. J. Lee, H. J. Kim, E. J. Cho, Y. Song, H.-J. Bae, Isolation and characterization of 

lignin from the oak wood bioethanol production residue for adhesives, Int. J. Biol. Macromol. 

72 (2015) 1056-1062. 

[362] M. Wang, M. Leitch, C. Xu, Synthesis of phenol-formaldehyde resol resins using 

organosolv pine lignins, Eur. Polym. J. 45 (2009) 3380-3388. 

[363] W. Zhang, Y. Ma, Y. Xu, C. Wang, F. Chu, Lignocellulosic ethanol residue-based 

lignin-phenol-formaldehyde resin adhesive, Int. J. Adhes. Adhes. 40 (2013) 11-18. 

[364] Z. Jing, H. Lihong, L. Bingchuan, B. Caiying, J. Puyou, Z. Yonghong, Preparation and 

characterization of novolac phenol–formaldehyde resins with enzymatic hydrolysis lignin, J. 

Taiwan Inst. Chem. Eng. 54 (2015) 178-182. 

[365] Y.B. Mu, C.P. Wang, L.W. Zhao, F.X. Chu, Study on composite adhesive of 

hydroxymethylated lignosulfonate/phenol-formaldehyde resin with low free formaldehyde, 

Chem. Ind. Forest. Prod. 29 (2009) 38-42. 

[366] S. Cheng, Z. Yuan, M. Anderson, M. Leitch, C. Xu, Synthesis of biobased phenolic 

resins/adhesives with methylolated wood-derived bio-oil, J. Appl. Polym. Sci. 126 (2012) 

E431–E441. 

[367] A. Moubarik, N. Grimi, N. Boussetta, A. Pizzi, Isolation and characterization of lignin 

from Moroccan sugar cane bagasse: Production of lignin-phenol-formaldehyde wood 

adhesive, Ind. Crops Prod. 45 (2013) 296-302. 

[368] W. Zhang, Y. Ma, C. Wang, S. Li, M. Zhang, F. Chu, Preparation and properties of 

lignin-phenol-formaldehyde resins based on different biorefinery residues of agricultural 

biomass, Ind. Crops Prod. 43 (2013) 326-333. 

[369] C. Mancera, N.-E. El Mansouri, F. Vilaseca, F. Ferrando, J. Salvado, The effect of 

lignin as a natural adhesive on the physico-mechanical properties of vitis vinifera fiberboards,  

BioResources 6 (2011) 2851-2860. 

[370] Y. Jin, X. Cheng, Z. Zheng, Preparation and characterization of phenol–formaldehyde 

adhesives modified with enzymatic hydrolysis lignin, Bioresour. Technol. 101 (2010) 2046–

2048. 

[371] A. Pizzi, Recent developments in eco-efficient bio-based adhesives for wood bonding: 

opportunities and issues, J. Adhesion. Sci. Technol. 20 (2006) 829-846. 

[372] N.-E. El Mansouri, A. Pizzi, J. Salvado, Lignin-based polycondensation resins for wood 

adhesives. J. Appl. Polym. Sci. 103 (2007) 1690-1699. 

[373] H. R. Mansouri, P. Navarrete, A. Pizzi, S. Tapin-Lingua, B. Benjelloun-Mlayah, H. 

Pasch, S. Rigolet, Synthetic-resin-free wood panel adhesives from mixed low molecular mass 

lignin and tannin,  Eur. J. Wood Wood Prod. 69 (2011) 221-229. 

[374] N.-E. El Mansouri, Q. Yuan, F. Huang, Study of chemical modification of alkaline 

lignin by the glyoxalation reaction, BioResources 6 (2011) 4523-4536. 

[375] N.-E. El Mansouri, A. Pizzi, J. Salvado, Lignin-based wood panel adhesives without 

formaldehyde, Holz Roh Werkst. 65 (2007) 65-70. 

https://www.sciencedirect.com/science/article/pii/S1876107015001145
https://www.sciencedirect.com/science/article/pii/S1876107015001145


[376] E. C. Ramires, J. D. Megiatto Jr, C. Gardrat, A. Castellan, E. Frollini, Biobased 

composites from glyoxal-phenolic resins and sisal fibers, Bioresour. Technol. 101 (2010) 

1998-2006. 

[377] P. Dongre, M. Driscoll, T. Amidon, B. Bujanovic, Lignin-furfural based adhesives, 

Energies 8 (2015) 7897-7914. 

[378] C. G. da Silva, S. Grelier, F. Pichavant, E. Frollini, A. Castellan, Adding value to 

lignins isolated from sugarcane bagasse and Miscanthus, Ind. Crops Prod. 42 (2013) 87-95. 

[379] H. Lei, A. Pizzi, G. Du, Environmentally friendly mixed tannin/lignin wood resins, J. 

Appl. Polym. Sci. 107 (2008) 203-209. 

[380] G. Foyer, B.H. Chanfi, B. Boutevin, S. Caillol, G. David, New method for the synthesis 

of formaldehyde-free phenolic resins from lignin-based aldehyde precursors, Eur. Polym. J. 

74 (2016) 296-309. 

[381] X. Geng, K. Li, Investigation of wood adhesives from kraft lignin and 

polyethylenimine, J. Adhes. Sci. Technol. 20 (2006) 847-858. 

[382] Y. Liu, K. Li, Preparation and characterization of demethylated lignin-polyethylenimine 

adhesives, J. Adhes. 82 (2006) 593-605. 

[383] Y. Yuan, M.H. Guo, F. Y. Liu, Preparation and evaluation of green composites using 

modified ammonium lignosulfonate and polyethylenimine as a binder, BioResources 9 (2014) 

836-848. 

[384] N. Guigo, A. Mija, L. Vincent, N. Sbirrazzuoli, Eco-friendly composite resins based on 

renewable biomass resources: Polyfurfuryl alcohol/lignin thermosets. Eur. Polym. J. 46 

(2010) 1016-1023. 

[385] X. Zhou, F. Zheng, C. Lv, L.Tang, K. Wei, X. Liu, G. Du, Q. Yong, G. Xue, Properties 

of formaldehyde-free environmentally friendly lignocellulosic composites made from poplar 

fibres and oxygen-plasma-treated enzymatic hydrolysis lignin, Compos. Part B Eng. 53 

(2013) 369-375. 

[386] S. Kalami, M. Arefmanesh, E. Master, M. Nejad, Replacing 100% of phenol in phenolic 

adhesive formulations with lignin, J. Appl. Polym. Sci. 134 (2017) 45124. 

[387] H. Ito, N. Shiraishi, Epoxy Resin Adhesives from Thiolignin, Mokuzai Gakkaishi, 33 

(1987) 393-399. 

[388] N. Shiraishi, Recent progress in wood dissolution and adhesives from Kraft lignin, in: 

ACS Symposium Series, 397 (1989) 488-495. 

[389] Q. Yin, W. Yang, C. Sun, M. Di, Preparation and properties of lignin-epoxy resin 

composite, BioResources 7 (2012) 5737-5748. 

[390] C. I. Simionescu, V. Rusan, G. Cazacu, M. M. Macoveanu, R. Lipsa, G. Stoica, Lignin-

epoxy resins. III. Physical and chemical characterization of solid products, Cell. Chem. 

Technol. 24 (1990) 397-405. 

[391] C. I. Simionescu, V. Rusan, M. M. Macoveanu, G. Cazacu, R. Lipsa, A. Stoleriu, A. 

Ioanid, Crosslinked lignin-epoxy resins, Cell. Chem. Technol. 25 (1991) 355-368. 

[392] C. I. Simionescu, V. Rusan, C. I. Turta, S.A. Bobcova, M. M. Macoveanu, G. Cazacu, 

A. Stoleriu, Synthesis and characterization of some iron-lignosulfonate based lignin-epoxy 

resins, Cell. Chem. Technol. 27 (1993) 627-644. 

[393] L. L. Kosbar, J. D. Gelorme, R. M. Japp, W. T. Fotorny, Introducing biobased materials 

into the electronics industry, J. Ind. Ecol. 4 (2001) 93-105. 

[394] G. Cazacu, M. C. Pascu, L. Profire, A. I. Kowarski, M. Mihaes, C. Vasile, Lignin role 

in a complex polyolefin blend, Ind. Crops Prod. 20 (2004) 261-227. 

[395] H. Wang, Q. Hao, X. Yang, L. Lu, X. Wang, Graphene oxide doped polyaniline for 

supercapacitors,  Electrochem. Comm. 11 (2009) 1158-1161. 



[396]  K. Wang, P. Zhao, X. Zhou, H. Wu, Z. Wei, Flexible supercapacitors based on cloth-

supported electrodes of conducting polymer nanowire array/SWCNT composites,  J. Mater. 

Chem. 21 (2011) 16373-16378. 

[397]  B. Zhang, F. Kang, J.M. Tarascon, J.K. Kim, Recent advances in electrospun carbon 

nanofibers and their application in electrochemical energy storage,  Progr. Mater. Sci. 76 

(2016) 319-380. 

[398]  C. Lai, Z. Zhou, L. Zhang, X. Wang, Q. Zhou, Y. Zhao, Y. Wang, X.F. Wu, Z. Zhu, H. 

Fong, Free-standing and mechanically flexible mats consisting of electrospun carbon 

nanofibers made from a natural product of alkali lignin as binder-free electrodes for high-

performance supercapacitors, J. Power Sources 247 (2014) 134-141. 

[399] X. You, K. Koda, T. Yamada, Y. Uraki, Preparation of electrode for electric double 

layer capacitor from electrospun lignin fibers, Holzforschung 69 (2015) 1097-1106. 

[400] X. You, J. Duan, K. Koda, T. Yamada, Y. Uraki, Preparation of electric double layer 

capacitors (EDLCs) from two types of electrospun lignin fibers, Holzforschung 70 (2016) 

661-671. 

[401]  D. Lei, X.D. Li, M.K. Seo, M.S. Khil, H.Y. Kim, B.S. Kim, NiCo2O4 nanostructure-

decorated PAN/lignin based carbon nanofiber electrodes with excellent cyclability for flexible 

hybrid supercapacitors,  Polymer 132 (2017) 31-40. 

[402] S.X. Wang, L. Yang, L.P. Stubbs, X. Li, C. He, Lignin-derived fused electrospun 

carbon fibrous mats as high performance anode materials for lithium ion batteries,  ACS 

Appl. Mater. Interfaces 5 (2013) 12275-12282. 

[403]  J. Jin, , B.J. Yu, Z.Q.Shi, , C.Y.Wang, C.B. Chong, Lignin-based electrospun carbon 

nanofibrous webs as free-standing and binder-free electrodes for sodium ion batteries, J. 

Power Sources  272 (2014) 800-807. 

[404] F. Zamboni, S. Vieira, R.L. Reis, J.M. Oliveira, M.N. Collins, The potential of hyaluronic 

acid in immunoprotection and immunomodulation: Chemistry, processing and function, Prog. 

Mater. Sci. 97 (2018) 97-122. 

[405] V.K. Thakur, M.K. Thakur, Recent advances in green hydrogels from lignin: a 

review, Int. J. Biol. Macromol. 72 (2015) 834-847. 

[406] W.K. El‐Zawawy, Preparation of hydrogel from green polymer, Polym. Adv. Technol. 16 

(2005) 48-54. 

[407] I.E. Raschip, C. Vasile, D. Ciolacu, G. Cazacu, Semi-interpenetrating polymer networks 

containing polysaccharides. Xanthan/Lignin networks, High Perform. Polym. 19 (2007) 603-

620. 

[408]  L. Passauer, K. Fischer, F. Liebner, Preparation and physical characterization of strongly 

swellable oligo (oxyethylene) lignin hydrogels, Holzforschung 65 (2011) 309-317. 

[409]  Z. Peng, F. Chen, Synthesis and properties of lignin-based polyurethane hydrogels, Int. 

J. Polym. Mater. 60 (2011) 674-683. 

[410]  Q. Yao, J. Xie, J. Liu, H. Kang, Y. Liu, Adsorption of lead ions using a modified lignin 

hydrogel, J. Polym. Res. 21 (2014) 465 (16 pages). 

[411] Y. Wang, Y. Xiong, J. Wang, X. Zhang, Ultrasonic-assisted fabrication of 

montmorillonite-lignin hybrid hydrogel: Highly efficient swelling behaviors and super-sorbent 

for dye removal from wastewater, Colloid Surf. A: Physicochem. Eng. Asp. 520 (2017) 903-

913. 

[412]  D. Kai, Z.W. Low, S.S. Liow, A. Abdul Karim, H. Ye, G. Jin, K. Li, X.J. Loh, 

Development of lignin supramolecular hydrogels with mechanically responsive and self-

healing properties, ACS Sust. Chem. Eng. 3 (2015) 2160-2169. 

[413]  X. Wang, Z. Zhou, X. Guo, Q. He, C. Hao, C. Ge, Ultrasonic-assisted synthesis of sodium 

lignosulfonate-grafted poly (acrylic acid-co-poly (vinyl pyrrolidone)) hydrogel for drug 

delivery, RSC Advances 6 (2016) 35550-35558. 



[414]  L. Musilová, A. Mráček, A. Kovalcik, P. Smolka, A. Minařík, P. Humpolíček, R. Vícha, 

P. Ponížil, Hyaluronan hydrogels modified by glycinated Kraft lignin: Morphology, swelling, 

viscoelastic properties and biocompatibility, Carbohydr. Polym. 181(2018) 394-403. 

[415]  H. Bian, L. Wei, C. Lin, Q. Ma, H. Dai, J.Y. Zhu, Lignin-containing cellulose nanofibril-

reinforced polyvinyl alcohol hydrogels, ACS Sustain. Chem. Eng. 6 (2018) 4821-4828. 

[416]  M. Han, A. Jayakumar, Z. Li, Q. Zhao, J. Zhang, X. Jiang, X. Guo, R. Wang, C. Xu, S. 

Song, J. M. Lee, Fabricating 3D macroscopic graphene-based architectures with outstanding 

flexibility by the novel liquid drop/colloid flocculation approach for energy storage 

applications, ACS Appl. Mater. Interfaces 10 (2018) 21991-22001. 

[417] M. Michelin, S. Liebentritt, A.A. Vicente, J.A. Teixeira, Lignin from an integrated 

process consisting of liquid hot water and ethanol organosolv: Physicochemical and 

antioxidant properties, Int. J. Biol. Macromol. 120 (2018) 159–169. 

[418] A. García, A. Toledano, M.Á. Andrés, J. Labidi, Study of the antioxidant capacity of 

Miscanthus sinensis lignins, Process Biochem. 45 (2010) 935–940. 

[419] T. Dizhbite, G. Telysheva, V. Jurkjane, U. Viesturs, Characterization of the radical 

scavenging activity of lignins––natural antioxidants, Bioresour. Technol. 95 (2004) 309–317. 

[420] F. Chen, Y. Tobimatsu, D. Havkin-Frenkel, R.A. Dixon, J. Ralph, A polymer of caffeyl 

alcohol in plant seeds, Proc. Natl. Acad. Sci. 109 (2012) 1772–1777. 

[421]  F. Chen, Y. Tobimatsu, L. Jackson, J. Nakashima, J. Ralph, R.A. Dixon, Novel seed 

coat lignins in the Cactaceae: structure, distribution and implications for the evolution of 

lignin diversity, Plant J. 73 (2013) 201–211. 

[422] Y. Li, L. Shuai, H. Kim, A.H. Motagamwala, J.K. Mobley, F. Yue, Y. Tobimatsu, D. 

Havkin-Frenkel, F. Chen, R.A. Dixon, J.S. Luterbacher, J.A. Dumesic, J. Ralph, An “ideal 

lignin” facilitates full biomass utilization, Sci. Adv. (2018) 11. 

[423] L. Berstis, T. Elder, M. Crowley, G.T. Beckham, Radical Nature of C-Lignin, ACS 

Sustain. Chem. Eng. 4 (2016) 5327–5335. 

[424] E.L. Mahon, S.D. Mansfield, Tailor-made trees: engineering lignin for ease of 

processing and tomorrow’s bioeconomy, Curr. Opin. Biotechnol. 56 (2019) 147–155. 

[425] M. Nar, H.R. Rizvi, R.A. Dixon, F. Chen, A. Kovalcik, N. D’Souza, Superior plant 

based carbon fibers from electrospun poly-(caffeyl alcohol) lignin, Carbon. 103 (2016) 372–

383. 

[426] N. Dalton, R. P. Lynch, M.N. Collins, M. Culebras. Thermoelectric properties of 

electrospun carbon nanofibres derived from lignin,  Int. J. Biol. Macromol 121 (2019) 472-

479. 

[427] C.A.Murphy, J.B. Costa, J. Silva-Correia, J.M. Oliveira, R.L. Reis, M.N. Collins, 

Biopolymers and polymers in the search of alternative treatments for meniscal regeneration: 

State of the art and future trends,  Appl. Mater. Today 12 (2018) 51-71. 

 

 


